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GENERAL INTRODUCTION 
Electron microscope studies have identified a cytoplasmic filamentous 
system in higher eukaryotic cells that is distinct from actin filaments, 
microtubules and myosin filaments. They differ from other cytoplasmic 
filamentous systems in several respects (Lazarides, 1980; Zackroff et al., 
1981, 1982). Firstly, their diameter is about 10 nm and therefore is 
intermediate to those of actin filaments (6 nm) and microtubules (25 nm) in 
nonmuscle cells, and to those of actin filaments and myosin filaments (15 
nm) in striated muscle cells. As a result, these cytoplasmic filaments are 
collectively known as intermediate filaments or as 10-nm filaments. 
Secondly, they are insoluble in neutral salt solutions or in solvents 
containing nonionic detergents that solublize most of the other cytoplasmic 
constituents. Thirdly, the intermediate filaments are distinct from other 
constituents of the cells both biochemically and immunologically. They 
show no binding with heavy meromyosin (ishikawa et al., 1968; Lazarides, 
1982), and they can be distinguished from microtubules and actin-containing 
structures by immunofluorescence microscopy (Oshorn et al., 1982) with the 
use of antibodies to their subunit proteins. 
Although filaments of approximately 10 nm in diameter often had been 
observed in eukaryotic cells, they were at first regarded as disaggregation 
products of either microtubules or myosin filaments. Modern biochemical 
and immunofluorescence techniques, however, helped to establish 
intermediate filaments as a distinct fibrous system. Holtzer and, his 
colleagues (Ishikawa et al., 1968) first advanced the idea that 
intermediate filaments were a distinctive feature of a variety of cell 
types. They recognized them first in embryonic skeletal muscle and 
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proposed the term "intermediate-sized" filament for this new set of 
filaments (ishikawa et al., 1968). Shortly afterwards, they were 
identified in smooth muscle by Uehara et al. (1971). It is now recognized 
that microfilaments, microtubules, and intermediate filaments represent the 
three major cytoskeletal components of most eukaryotic cells. 
According to results of many immunofluorescence microscopy studies and 
of polypeptide analysis by one- and two-dimensional gel electrophoresis, 
intermediate filaments can be subdivided into five major subclasses 
(Lazarides, 1982). These are the cytokeratin filaments characteristically 
found in epithelial cells, neurofilaments found mainly in neurons, glial 
filaments found predominantly in all types of glial cells, desmin filaments 
found predominantly in smooth, skeletal, and cardiac muscle cells, and 
vimentin filaments found typically in mesenchymal cells and cells of 
mesenchymal origin. One striking result of this subdivision is that this 
classification follows well known histological principles. 
Keratin filaments are most abundant in stratified squamous epithelium 
and its derivatives such as mammalian hair and nails. Keratin is the 
principal differentiation product of the keratinocytes. During 
keratinization, keratin filaments increase in number and form bundles. 
Eventually these cells form the outer dead layer of the epidermis. 
Keratin is insoluble in neutral aqueous buffers but can be extracted 
by 8 M urea. The extracted keratin from living epidermis is composed of 
polypeptides with molecular weights ranging from 40,000 to 65,000 (Steinert 
1975; Sun and Green, 1978). These polypeptides are distinct peptides 
because they are made from distinct mRNA species in cultured human cells 
(Fuchs and Green, 1979). Peptide mapping, amino acid composition, and 
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immunological studies, however, indicate that all the keratin polypeptides 
of human epithelium and human cultured epidermal cells share some homology 
(Sun and Green, 1978; Sun et al., 1979). 
The keratin polypeptides can assemble into 9- to 10-nm diameter 
filaments spontaneously when dialyzed against a neutral salt solution. 
However, a single species of keratin polypeptide will not assemble ^  vitro 
into filaments. At least two different subunits, one acidic and one basic 
in nature, are required for keratin filament assembly (Steinert et al., 
1976). 
Immunofluorescence studies, with antibodies against keratin, reveal an 
elaborate array throughout the cytoplasm of cultured epithelial cells 
(Lazarides, 1980). Electron microscope studies show that keratin filaments 
often terminate in membrane-bound desmosomes (Sun et al., 1979). This may 
explain why keratin filaments are unaffected by colcemid in contrast to the 
other types of intermediate filaments (Sun and Green, 1978; Franke et al., 
1978). The function of keratin filaments in these cells seems to be 
cytoskeletal, i.e., they form a three-dimensional cross-linked matrix that 
interconnects desmosomes (Hull and Staehelin, 1979). 
Neurofilaments are mainly found in neurons of vertebrates and the 
neural tissues of invertebrates. Along with microtubules, they form the 
major structural components of axons and dendrites. They appear uniformly 
dispersed or linked to each other by sidearm projections, which is 
different from other subclasses of intermediate filaments that generally 
are described as having relatively smooth surfaces. 
Neurofilaments can be extracted with denaturing reagents such as 8 li 
urea and 6 M guanidine-HCl. Extracts of mammalian neurofilaments contain 
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three polypeptides with molecular weights of approximately 200,000, 
145,000, and 68,000 (Schlaepfer, 1977a; Liem et al., 1978; Osbom et al., 
1982). Double-labeling immunofluorescence studies have indicated that the 
three polypeptides all are components of the neurofilament (Shaw and Weber, 
1981), with at least the 68,000-dalton and probably also the 145,000-dalton 
subunits forming most of the core of the filament (Sharp et al., 1982). 
Reconstitution experiments demonstrate that the 68,000-dalton polypeptide 
can self-assemble into smooth 10-nm filaments by dialyzing the polypeptide 
against dilute salt solutions; however, neither the 145,000- and 200,000-
dalton polypeptides self-assemble into normally appearing 10-nm filaments. 
Addition of the 145,000- and 200,000-dalton polypeptides to the 68,000-
dalton polypeptide yield reconstituted filaments with whisker-like 
projections (Geisler and Weber, 1981), similar in appearance to that of the 
native filaments. The function of neurofilaments is thought to be 
cytoskeletal in that they seemingly form a three-dimensional structural 
lattice that gives tensile strength to the axons (Gilbert, 1975; Gilbert et 
al., 1975). 
Glial filaments are found primarily in astrocytes and glial cells and 
have a reported diameter ranging from 7 to 11 nm (Dahl, 1976; Gilbert et 
al., 1975) • Immunofluorescence labeling and electrophoretic studies have 
shown that glial fibrillary acidic protein (GFAP), with a molecular weight 
of about 54,000, is the major component of the glial filament (Schachner et 
al., 1977; Goldman, et al., 1978). Glial filaments are immunologically 
distinct from neurofilaments and they also differ slightly in solubility 
properties (Schlaepfer and Freeman, 1978). 
Vimentin filaments are present mainly in cells of mesenchymal origin. 
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e.g., they are abundant in fibroblasts. Vimentin filaments also are 
present in many cell types grown in tissue culture and in certain vascular 
smooth muscle cells. Immunofluorescence studies with antibodies against 
vimentin show a pattern characterized by a wavy cytoplasmic array. The 
name vimentin is derived from the Latin word "vimentus", which means wavy 
(Franke et al., 1978). 
The distribution and assembly patterns of vimentin can be altered 
during different stages of cellular activity or by treatment with certain 
drugs. Vimentin-Gontaining cells, when treated with colcemid, show an 
accumulation of vimentin filaments in a perinuclear location. The 
formation of this birefringent cap is reversible after removal of the drug 
(Starger et al., 1978). Such perinuclear caps also can be formed during 
normal cell adhesion or spreading onto a substrate (Goldman and Follett, 
1970). The aggregation of vimentin in the form of a perinuclear cap has 
been used to facilitate its isolation with high salt solutions and nonionic 
detergents (Starger and Goldman, 1977). 
The vimentin polypeptide is the major subunit of the 10-nm vimentin 
filaments and has a molecular weight of about 53>000. Once in a highly 
purified state, it can be induced under conditions of physiological ionic 
strength and pH to form 10-nm filaments similar to native 10-nm filaments 
(Cabrai et al., 1981; Steinert et al., 1982). Vimentin filaments usually 
terminate at the nuclear membrane or at the plasma membrane in cultured 
fibroblasts and chicken erythrocytes (Lehto et al., 1978; Virtanen et al., 
1979)« The metaphase spindles of cells in metaphase also are encased in a 
network of vimentin filaments (Zieve et al., 1980). 
From the above observations and the fact that vimentin filaments are 
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very insoluble, the function of vimentin might be cytoskeletal. Perhaps 
they function in helping to maintain the position of the nucleus and the 
mitotic spindle in cells. 
Desmin filaments are present in small amounts in all types of muscle 
cells, including embryonic and adult forms. Desmin is most abundant in 
adult smooth muscles of the digestive and urogenital tracts. As pointed 
out earlier, desmin 10-nm filaments were first observed in skeletal muscle 
myotubes grown in tissue culture (ishikawa et al., 1968), although the 
nature of the protein present was not known at that time. Desmin filaments 
can be extracted by very low (<4) pH or denaturing agents such as 5 to 3 M 
urea (Small and Sobieszek, 1977; Huiatt et al., 1980). Electrophoretic 
analysis demonstrates a molecular weight of about 55)000 da1tons for 
desmin. Small and Sobieszek (1977) isolated the protein from avian and 
mammalian smooth muscle of the digestive system and named it skeletin. On 
the other hand, Lazarides and Hubbard (1976) named it desmin. Desmin now 
is more commonly used in the literature. 
Two-dimensional electrophoretic analyses have shown that desmin exists 
as different isoelectric variants. In general, there are two isoelectric 
variants of desmin in vertebrate muscle that are known as alpha- and beta-
desmins, with alpha being the more acidic variant and the beta variant 
being more predominant (Hubbard and Lazarides, 1979; O'Connor et al., 
1979). O'Connor et al. (1979) suggested that the alpha-desmin might be the 
phosphorylated form of beta-desmin, and this was subsequently confirmed by 
Steinert et al. (1982), 
Purified desmin can be induced to form 10-nm diameter smooth-sided 
filaments by dialysis against solutions of low ionic strength at neutral 
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pH, with the optimal conditions for filament formation being about pH 7 and 
physiological ionic strength (Huiatt et al., 1980). 
Electron microscope and immunofluorescence studies with desmin 
antibodies have shown that during early stages of myogensis (prior to 
fusion) the desmin filaments are rather scattered in the cytoplasm and that 
they can be induced to aggregate by addition of colcemid to the cultures 
(Kelly, 1969; Lazarides, 1978). After cell fusion, desmin filaments 
initially are found between developing myofibrils and many are parallel to 
the long axis of the myotubes (Ishikawa et al., 1968). The desmin 
filaments then relocate to a transverse distribution in mature myotubes 
(Bennett et al., 1978). The transverse distribution of desmin in mature 
myotubes corresponds to the transverse (to myofibril axis) localization of 
desmin at the Z-line in mature skeletal muscle. It has been suggested that 
desmin may have an important role in generating the striated appearance of 
the striated muscle cell by bringing the Z,-lines of adjacent myofibrils 
into lateral register (Robson et al., 1981, 1984)« 
Immunofluorescence microscopy studies with antibodies against desmin 
have shown clearly that desmin is located at or near the Z-lines of 
skeletal and cardiac muscle and in the intercalated disc region of cardiac 
muscle (Lazarides and Hubbard, 1975; Granger and Lazarides, 1978; 
Richardson et al., 1981). Even though desmin filaments are commonly 
observed in conventional electron microscope studies of embryonic striated 
muscle cells, they rarely are seen in adult skeletal muscle cells (Page, 
1969). Recently, Richardson et al. (1981), using immunoelectron 
microscopy, and Tokuyasu et al. (1983), using immunocytochemica1 techniques 
have demonstrated the presence of desmin filaments in avian skeletal 
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muscle. Both research groups have presented results that show a connecting 
link between 2-lines of adjacent myofibrils. Desmin has also been 
identified by two-dimensional gel electrophoretic analyses in 
differentiated skeletal muscle cells (Izant and Lazarides, 1977; 0'Shea et 
al., 1981). 
Granger and Lazarides (1978) have developed a method to produce 
honeycomb-like sheets of Z-lines. Immunofluorescence microscopy with 
antibodies against desmin on these 2-line remnants reveals that desmin is 
present at the periphery of each Z-line, forming an interconnecting network 
across the fiber. In contrast, alpha-actinin is located within the Z-line 
proper. 
In smooth muscle cells, desmin filaments are associated with plasma 
membrane dense plaques and with cytoplasmic dense bodies (Uehara et al., 
1971; Cooke and Chase, 1971), forming an interconnected network that links 
the dense bodies with the plasma membrane. Dense bodies contain the Z-line 
protein, alpha-actinin, and have actin filaments inserted in them; thus, 
smooth muscle dense bodies seem to be analogous to the skeletal muscle Z-
lines (Schollmeyer et al., 1976). 
Although it is not proven yet, on the basis of the location of desmin 
in striated muscle cells, desmin may play a cytoskeletal role in linking 
neighboring myofibrils laterally at the Z-line and in linking Z-lines to 
the plasma membrane. Thus, desmin may mechanically integrate all 
contractile actions of a muscle fiber and ensure the proper alignment of 
motility structures (Lazarides and Hubbard, 1976; Granger and Lazarides, 
1978). 
From the previous brief review of the biochemical and morphological 
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properties of different subclasses of intermediate filaments, it is likely 
that intermediate filaments have a cytoskeletal role in maintaining the 
shape of cells and in integrating the various subcellular components. 
Although in general each of the five subclasses of intermediate 
filaments is especially prevalent in a given cell type, this is a rule with 
many exceptions. A cell may possess one or more subclasses of intermediate 
filaments. The expression of any one subclass appears to be determined by 
the type of cell and the state of differentiation of the cell (Lazarides 
and Granger, 1983). The coexisting subunits can either exist as components 
of separate 10-nm filamentous systems or in the form of one filamentous 
system composed of copolymers. 
In general, cells grown in culture express more than one intermediate 
filament type, whereas fully differentiated cells or adult animal cells 
usually express only one type of intermediate filament. However, there are 
exceptions to this rule. Certain astrocytes and glioma cell lines contain 
both GFAP and vimentin (Yen and Fields, 1981; Dahl et al., 1981 ; Shaw et 
al., 1981). Double immunofluorescence microscopy studies have revealed 
that these two intermediate filament proteins can be located in the same 
fibrillar arrays. In addition, cross-linking studies indicate that 
vimentin and GFAP form heteropolymers in cultured human glioma cells 
(Quinlan and Franke, 1983). 
It has been shown that HeLa cells and PtK^  cells contain both keratin 
and vimentin by using immunological and electrophoresis methods (Franke et 
al., 1979; Osborn et al., 1980; Henderson and Weber, 1981). When the cells 
are treated with colcemid, the perinuclear aggregates of intermediate 
filaments that are induced stain strongly with antibodies to vimentin, but 
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not with antibodies to keratin. This suggests that in these cells vimentin 
and keratin coexist in the cytoplasm, but in different filamentous systems. 
Desmin \nd vimentin are ooexpressed in BHK-21 cells (Gard et al., 
1979; îuszynski et al., 1979) and certain vascular smooth muscle cells 
(Schmid et al., 1982; Travo et al., 1982). There are three types of cells 
in vascular smooth muscle, namely those that express vimentin or desmin and 
those that express both vimentin and desmin. The number of desmin-
containing cells is low in vascular smooth muscle near the heart but 
increases with distance from the heart (Osborn et al., 1981; Frank and 
Warren, 1981). By using a cross-linking approach, Quinlan and Franke 
(1983) have demonstrated that vimentin and desmin can be present as 
heteropolymeric filaments vivo. Experiments vitro also suggest that 
desmin and vimentin can, in fact, copolymerize into the same intermediate 
filament (Steinert et al., 1981). In addition, desmin and vimentin are 
ooexpressed during myogenesis. The ratio of vimentin to desmin changes 
from high to low during skeletal muscle myogenesis (Gard et al., 1979; 
Bennett et al., 1979). Although some investigators have reported that 
vimentin is absent in myotubes after 14 days in culture (Altmannsberger et 
al., 1981 ; Bennett et al., 1979), others have reported the presence of 
vimentin in mature muscle cells (Thornell and Eriksson, 1981; Price, 1984; 
Price and Lazarides, 1983). Whether mature striated muscle cells express 
vimentin is still uncertain at the present time. 
From the above observations, it is obvious that when more than one 
intermediate filament subclass is present in a certain cell, vimentin is 
always present as one of the subclasses. 
As mentioned earlier, one of the criteria used to divide intermediate 
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filaments into subclasses is that of immunological differences. Highly 
specific antibodies can be raised that distinguish intermediate filaments 
of the different subclasses. In general, these antibodies recognize only-
one subclass of intermediate filament and exhibit no cross reaction with 
other intermediate filament subclasses (Osborn et al., 1982; Sun et al., 
1979). Moreover, there are antibodies that are specific for polypeptides 
within a certain subclass. For example, some antibodies can distinguish 
different polypeptides of the keratin filaments (Sun and Green, 1978; Fuchs 
and Green, 1978). 
In addition to distinct immunological differences, different 
subclasses of intermediate filaments also show differences in polypeptide 
number, molecular weight, isoelectric point, solubility, and peptide maps. 
They are synthesized from different mRNA templates and, thus, are different 
gene products (Osborn et al., 1932). 
Even though intermediate filament subclasses can be distinguished both 
immunologically and biochemically, they do share similar physical and 
structural properties. The intermediate filaments are members of the k-m-
e-f class of proteins. All intermediate filaments give alpha-type X-ray 
diffraction patterns with a characteristic meridional arc at 5.15 A 
(Steinert et al., 1978). This suggests that alpha-helical regions of 
adjacent subunits form a supercoil or coiled-coil structure. All 
intermediate filaments have a fair amount of alpha-helical content of 40 to 
60^  as estimated by optical rotatory dispersion or circular dichroism 
measurements. And, alpha-helical rich particles can be obtained from these 
proteins by limited proteolytic digestion (Crewther and Dowling, 1971; 
Steinert, 1978). 
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All intermediate filament subclasses are insoluble at physiological 
pH, but they can be extracted by low pH solvents or by denaturing reagents 
such as urea, guanidine hydrochloride or sodium dodecyl sulfate. After 
extraction, most of the subclasses are soluble in low ionic strength 
buffers at slightly alkaline pH and they can reassemble into synthetic 
filaments with elevation in ionic strength or decrease in pH after removal 
of the dénaturant (Steinert et al., 1981; Zackroff and Goldman, 1979). 
There is seemingly no requirement for cofactors for polymerization. The 
kinetics of assembly have been followed by turbidity measurements (Zackroff 
and Goldman, 1979; Steinert et al., 1976). The assembly process follows 
zero-order kinetics and is characterized by a sigmoidal curve. This 
suggests that there is a slower initial step, which might correspond to the 
formation of nuclei, that is then followed by rapid assembly of filaments. 
Reconstituted intermediate filaments have similar morphology to native 
10-nm filaments in that they appear as 8 to 12 nm diameter flexible 
strands. All of them have a fairly smooth-sided appearance except 
neurofilaments, which show wispy side projections. Intermediate filaments 
can be digested by specific proteases. Calcium-actived proteases have been 
reported to specifically degrade intermediate filaments (Gilbert et al., 
1975; Schollmeyer and Dayton, 1979). This may be the way disassembly of 
intermediate filaments takes place vivo. 
Intermediate filament proteins can be phosphorylated by kinases in 
vitro as well as vivo. At least some of the isoelectric variants 
reported result from phosphorylation (Steinert et al., 1932). In general, 
the kinases responsible for phosphorylation of intermediate filaments are 
cAMP-dependent (0'Conner et al., 1981a; Goldman and Follett, 1970), but 
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some are cAMP-independent (O'Connor et al., 1981b). The function or 
importance of phosphorylation of intermediate filaments is not clear. 
The similarity in properties shown by all intermediate filaments has 
led to the suggestion that there may be a common structural domain or theme 
for all intermediate filament subunits. In fact, chemical cleavage of 
intermediate filaments from BHK-21 cells and keratin (Steinert et al., 
1980) has revealed a common structural domain. Steinert and associates 
proposed that the intermediate filament polypeptides contain three 
structural domains, namely an amino-terminal domain of less than one 
kilodalton, followed by an alpha-helical rod domain that contains two 
alpha-helices each about 18 nm long separated by a non-alpha-helical 
globular domain of variable size (5 to 17 kilodaltons), and finally a 
carboxy-terminal domain of about 24 kilodaltons. Differences in molecular 
weight of the different polypeptides would be accommodated mainly by the 
variable length spacer between the two alpha-helical rod segments and to a 
lesser extent by the carboxy-terminal globular region. 
Recently reported amino acid sequence data (Crewther et al., 1933; 
Geisler and Weber, 1982a,b, 1963; Geisler et al., 1982, 1983, 1984; 
Hanukoglu and Fuchs, 1982, 1983; Lewis et al., 1984; 0shorn and Weber, 
1982; Quax et al. 1983; Quax-Jeuken et al., 1983; Steinert et al., 1983) 
have now confirmed a common structural domain for all intermediate filament 
subunits and have shown that the earlier proposed Steinert model (Steinert 
et al., 1980) is an oversimplification and is wrong in some respects. The 
Steinert model was incorrect in the number and position of tryptophan 
residues and in the location of alpha-helical domains. Moreover, the 
molecular weight differences are accommodated by the non-alpha-helical 
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terminal domains rather than the middle spacer. 
Geisler and Weber (1982b), using chicken gizzard muscle desmin 
(complete amino acid sequence is known) as the prototype, have compared its 
sequence with the complete or partial (depending upon protein) amino acid 
sequences for vimentin, GFAP, neurofilament triplet peptides, two wool 
alpha-keratins, and a DNA clone covering 90% of an epidermal keratin 
subunit protein to give a more detailed description of the three major 
domains for intermediate filament subunits. The non-alpha-helical amino-
terminal head piece is of 5.5 to 8 kilodaltons and contains several strong 
beta-turns that evidently make the head piece very susceptible to 
proteolytic enzymes. The amino-terminal region is quite basic because of 
the presence of many arginine residues and the absence of acidic residues. 
This arginine-rich amino terminus yields the staircase-type degradation 
pattern of decreasing isoelectric points and molecular weights observed in 
two-dimensional gel analysis of vimentin and desmin (Quax-Jeuken et al., 
1983)• The rod domain (about 38,000 daltons) is divided into two nearly 
equal segments by a non-alpha-helical spacer. Each of these segments can 
be further separated by one short non-alpha-helical spacer. The rod domain 
contains 83/^  alpha-helical structure and is arranged into a coiled-coil. 
The non-alpha-helical carboxy-terminal tail piece of 6 kilodaltons is 
acidic in amino acid content. 
A 20 to 22 nm axial periodicity has been observed in intermediate 
filaments examined by electron microscopy (Huiatt, 1979; Henderson et al., 
1982; Milam and Erickson, 1982). This periodicity might result from the 
two roughly equal-sized 20 nm alpha-helical segments in the rod domain (ip 
et al., 1985a,b). 
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Amino acid sequence data show a seven-residue repeat pattern along the 
alpha-helical rod domain of intermediate filaments (Geisler and Weber, 
1982a,b; Geisler et al., 1983; Quax et al., 1983; Steinert et al., 1983) 
that is similar to that seen in the sequences of myosin rod, tropomyosin, 
and wool keratin (Sodek et al., 1972; McLachlan and Stewart, 1975; Parry et 
al., 1977). It is believed that the hydrophobic residues at the a and d 
positions of the seven-residue repeat are aligned to form a hydrophobic 
stripe or backbone that holds the polypeptides together in an alpha-helical 
coiled-coil. It is the coiled-coil rod domain of the intermediate 
filaments that is responsible for the alpha-type X-ray diffraction pattern 
typical of the k-m-e-f class of proteins (Astbury and Street, 1931; Day and 
Gilbert, 1972; Steinert et al., 1978; Geisler et al., 1982). 
The rod domain of intermediate filaments also shows alternating 
positively and negatively charged residues at 28/3 and 28/10 positions 
(Parry et al., 1977; Geisler et al., 1982; McLachlan and Stewart, 1982; 
Steinert et al., 1963). The heptad pattern is not quite as perfect in 
intermediate filaments as in tropomyosin (McLachlan and Stewart, 1975), 
with occassional interruptions of the seven-residue repeat by charged 
residues (Geisler and Weber, 1982b). The charged clusters are present on 
the outer surface of the coiled-coil and are thought to be responsible for 
the electrostatic interactions between neighboring coils and the lateral 
interaction of the coiled-coils for filament assembly (McLachlan and 
Stewart, 1982; Osborn and Weber, 1982). 
Porcine smooth muscle desmin and skeletal muscle desmin appear very 
similar in amino acid composition, isoelectric variants, and peptide maps 
(O'Shea et al., 1979), thus indicating that they are highly homologous 
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proteins. The alpha-helical rod domain of desmin and vimentin exhibit 93?5 
amino acid sequence homology, while human epidermal keratin and desmin show 
51 to 54^  homology (Steinert et al., 1983). The non-alpha-helical domains 
are more variable. For example, within the tailpiece, vimentin and desmin 
exhibit 68% homology, but the helix II (long alpha-helical rod portion 
closest to the carboxy-terminal) has QS% homology (Geisler and Weber, 
1932b). These observations provide some support for the suggestion that 
there are fairly constant and hypervariable regions in the intermediate 
filament structural domain that can account for the similar structural 
properties of intermediate filaments as well as the observed variation in 
antigenicity and solubility of the different subclasses. This may also 
explain why some antibodies, especially monoclonal antibodies (Pruss et 
al., 1980), show cross-reaction among intermediate filament subclasses. 
The amino acid sequence data also have shown that tissue specificity 
overrides species divergence (Fuchs and Green, 1979; Gard et al., 1979; 
Davison and Jones, 1980; Osbom and Weber, 1982). When the carboxy-
terminal 15,000-dalton fragments of porcine vimentin and desmin are 
compared, there is 64% homology in sequence whereas chicken and pig muscle 
desmin show 91^  homology (Osborn and Weber, 1982). There also is greater 
homology between a particular type of prekeratin subunit from man and mouse 
than between different prekeratins from the same species. This also is 
true for the neurofilament triplet polypeptides (Gard et al., 1979; Fuchs 
and Green, 1979; Davison and Jones, 1980). 
It is not yet clear exactly how the intermediate filament protein 
subunits assemble into 10-nm filaments, but recent studies on assembly and 
disassembly of intermediate filaments suggest that there may be at least 
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three distinct levels of filament organization, namely protofilaments, 
subfilaments (protofibrils), and 10-nm filaments (Stromer et al., 1981; 
Aebi et al., 1983; Ip et al., 1983, 1985a,b). 
When negatively stained intermediate filaments are examined under the 
electron microscope, 2- to 2.5-nm diameter protofilaments are sometimes 
apparent at places where the 10-nm filaments have seemingly unraveled 
(Schlaepfer, 1977b; Stromer et al., 1981; Franke et al., 1982). Stromer et 
al. (1981) reported that reconstituted desmin filaments disassemble into 2-
to 2.5-nm diameter protofilaments and 3.5- to 5-nm diameter subfilaments 
after treatment with low ionic strength slightly alkaline buffers or urea 
and that the subfilaments appear to consist of two protofilaments laterally 
associated. Stromer's observations are supported by the disassembly 
studies on prekeratins (Aebi et al., 1983) and neurofilaments (Krishnan et 
al., 1979), and by an assembly study on vimentin (Ip et al., 1983, 
1985a,b). 
The number of subunits in the protofilament, the smallest intermediate 
observed by electron microscopy, has been a matter of controversy. As will 
be shown in this dissertation, cross-linking studies indicate that each 
protofilament consists of four polypeptide chains. 
Earlier studies on intermediate filaments, including X-ray diffraction 
(Fraser et al., 1976; Steinert, 1978; Renner et al., 1981), model building 
(McLachlan, 1978), and Fourier analyses of charged and hydrophobic residues 
(Parry et al., 1977; Geisler and Weber, 1981; McLachlan and Stewart, 1982), 
suggested that the 2- to 2.5-nm protofilament consisted of either a two-
stranded or three-stranded alpha-helical coiled-coil. Based on the 
reconstitution ratio of alpha-keratin polypeptides (Steinert et al., 1976) 
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and the dissociation of keratin rods (Skerrow et al., 1973; Steinert, 1978; 
Crewther et al., 1978), Steinert and associates proposed that the rod 
domain of each protofilament consists of a three-stranded coiled-coil and 
that all intermediate filaments have similar domain and trimeric subunit 
structure (Steinert et al., 1980). 
The correct number of subunits in the protofilament has recently been 
re-examined with a more direct approach by using cross-linking techniques. 
Some of the different subclasses of intermediate filament protofilaments or 
their isolated rod domains, namely keratins (Ahmadi and Speakman, 1978; 
Woods and Gruen, 1981; Quinlan et al., 1984), desmin (Geisler and Weber, 
1982b; Pang et al., 1983; Ip et al., 1985b) and vimentin (Pang et al., 
1983), have been cross-linked with bifunctional reagents and then examined 
by SDS-PAGE. The cross-linking results are incompatible with the three-
chain structure, but are compatible with a four-chain structure for the 
protofilament. 
How the four chains are arranged in the protofilament is still unclear, 
but a four-stranded coiled-coil seems impossible (Geisler and Weber, 
1982b). It has been proposed that the protofilament consists of a dimer of 
a double-stranded coiled-coil (Woods and Gruen, 1981; Geisler and Weber, 
1982b; Gruen and Woods, 1983; Pang et al., 1983). Dissociation studies on 
desmin protofilaments (Pang and Robson, 1984) have confirmed that desmin 
protofilaments can be dissociated into dimers in pH 12.5, low ionic 
strength buffer. Parry et al. (1977) suggested that the polypeptides 
within a dimer (coiled-coil) are probably in parallel and in register in 
order to maximize the intermolecular ionic interaction. Recent work on 
wool and epidermal keratins also suggests that the subunits within each 
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dimer are parallel and in register (Woods and Inglis, 1984; Parry et al., 
1935). 
The precise arrangement of the two dimers in the protofilament, e.g., 
whether the dimers are parallel or antiparallel, in register or staggered, 
etc., is uncertain. Geisler et al. (1985), using Fab fragments of a desmin 
specific monoclonal antibody, have decorated isolated desmin rods at both 
ends, suggesting that the dimers of the protofilament are antiparallel. 
From the amino acid sequence data on human and murine epidermal 
keratins, desmin and vimentin (Hanukoglu and Fuchs, 1982; Geisler and 
Weber, 1982b; Steinert et al., 1983; Quax-Jeuken et al., 1983), the length 
of the intermediate filament polypeptides is thought to be approximately 45 
to 50 nm. Likewise, the X-ray diffraction data on alpha-keratins (Fraser 
et al., 1975) give an estimation of 47 nm for the subunit repeat. 
Apparently the non-alpha-helical portions do not contribute to the length 
of the polypeptides (Ip et al., 1985a,b). Electron microscope studies from 
several laboratories have indicated that the protofilament is 2 to 3 nm in 
diameter by 40 to 60 nm in length (Steinert et al., 1981; Stromer et al., 
1981; Geisler et al., 1982; Ip et al., 1983, 1985a,b). Thus, the four 
chains in the protofilament may well be in axial register. Crewther et al. 
(1983) suggested that the main interaction between the two dimers in the 
tetrameric protofilament appear to involve the 14 to 15 heptads adjacent to 
the central, non-helical spacer on the amino-terminal side. They argued 
that the protofilament consists of two parallel-chain dimers, with the two 
dimers arranged in an antiparallel manner and staggered by 17 to 22 nm. 
They suggested that this arrangement will also maximize the intermolecular 
ionic interactions among chains and that the antiparallel arrangement of 
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the two dimers also will satisfy the requirement of oppositely directed 
chains in the alpha-keratin filament suggested by Fraser et al. (1969). 
However, the length of such a protofilament exceeds the length of 
protofilaments as measured by electron microscopy. More work is needed to 
settle this arguement on how the four chains are arranged in the 
protofilament, but the most recent electron microscope studies (Ip et al., 
1985a,b) suggest the chains are in register or nearly so. 
The next step in assembly, i.e., how the intermediate filament 
protofilaments are packed in the 10-nm filament, is also uncertain. 
However, it is generally assumed that the 10-nm filaments are constructed 
in such a manner that the protofilaments lie parallel to the filament axis 
with their rod domains forming the annulus of the filament and the non-
alpha-helical terminal domains protruding radially from the surface of the 
filament (Fraser et al., 1976; Steinert et al., 1980, 1983; Geisler et al., 
1982). This suggestion also is supported by the study of Steinert and 
colleagues (Steinert et al., 1983) who showed that the non-helical ends of 
epidermal keratin chains can be removed without affecting the structural 
integrity of the filament. 
Mass density analysis by scanning transmission electron microscopy 
(STEM) also has contributed to our understanding of 10-nm filament packing 
(Steven et al., 1982, 1983a,b). A. given length of filament contains the 
same number of subunits in all 10-nm filaments types, which implies that 
all 10-nm filaments may have a similar packing scheme. Desmin, vimentin 
and bovine epidermal keratin, with molecular weights ranging from 53,000 to 
55,000, have a mass per unit length of 37 kilodaltons/nm. They also 
exhibit 25 kilodaltons/nm near the ends of the 10-nm filaments. 
21 
Many models have been proposed for the packing of 10-nm filaments 
based upon X-ray diffraction data, assembly and disassembly studies, mass 
density analysis, and electron microscope studies (Fraser et al., 1976; 
Ahmadi et al., 1980; Steinert et al., 1981; Aebi et al., 1983; Crewther et 
al., 1983; Ip et al., 1983, 1985a,b). Host of the models proposed, 
however, have 7 to 13 strands (protofilaments) or 30 _+ 4 polypeptide 
chains. Exactly how the 10-nm filament is constructed is still in doubt, 
but the correct model should be compatible with the mass density data 
(Steven et al., 1982, 1983a,b). 
Several interesting models have been recently proposed. Aebi et al. 
(1983), based upon their disassembly study of keratin filaments, proposed 
that the 10-nm filament consists of four 4'5 nm diameter protofibrils 
arranged in a right handed helix. This model agrees with the tetragonal 
cross-sectional appearance of neurofilaments (Wuerker, 1970), skeletin 
filaments (Eriksson and Thornell, 1979), and desmin (Small and Squire, 
1972). They suggested the protofibril may consist of two four-stranded or 
three three-stranded 2 nm diameter protofilaments. Ip et al» (I985a;b) 
have used quick-freeze, deep-etch methods to study the assembly of vimentin 
filaments by electron microscopy (ip et al., 1983, 1985a,b) and have 
suggested that the 10-nm filament consists of eight tetrameric 
protofilaments, each staggered 22 nm axially with respect to its neighbor. 
This model seems to fit well with the mass density data, the 22 nm 
periodicity seen in assembled filaments, the cross-linking data, and 
results of disassembly studies. Crewther et al. (1983), based upon their 
model building studies, proposed that 10-nm filaments consist of either 
seven or ten protofilaments, and that the dimers within tetrameric 
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protofilaments are arranged in an antiparallel and staggered fashion. 
Obviously, more research is needed to unambiguously elucidate the packing 
arrangement of 10-nm filament components. 
As part of this dissertation, I have used cross-linking techniques to 
elucidate the number of subunits in the protofilaments, to find conditions 
necessary to dissociate the protofilaments, and to get some insight into 
how the four chains are arranged in the protofilament. 
The main body of this dissertation consists of two full length 
manuscripts that will be submitted for publication. The first paper 
concerns the subunit structure/number of the protofilament. The second 
paper deals with dissociation of the protofilaments and with chemical 
cleavage of previously cross-linked protofilaments. 
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SECTION I. SUBUNIT STRUCTURE OF THE DESMIN MD VIMENTIN 
PROTOFILMENT UNITS 
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SUMMARY 
Two major models that have been presented for the polypeptide subunit 
composition of the approximately 2.5 nm diameter by 50 nm long 
protofilament building block unit of 10-nm filaments are : 1) one in which 
the long alpha-helical (partly interrupted by non-alpha-helical spacers) 
rod domain consists of a triple-stranded coiled-coil and 2) one in which 
this rod domain consists of a dimer of normal interchain double-stranded 
coiled-coils, i.e., a tetrameric organization. We have used three chemical 
cross-linkers, ethylene glycolbis(succinimidyl succinate), bis[2-
(succinimidooxycarbonyloxy)ethylj sulfone, and glutaraldehyde, to examine 
the subunit composition/structure of this 2.5 nm diameter protofilament 
that is present in pH 8.5, low ionic strength solutions of highly purified 
avian muscle desmin or of mammalian muscle vimentin. Analysis of cross-
linked products by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis demonstrated the presence of four species of approximately 
55,000, 120,000, 170,000' and 220,000 molecular weight that correspond to 
the monomer, cross-linked dimer, cross-linked trimer and cross-linked 
tetramer, respectively. Under the appropriate ionic conditions, the 
tetramer is the limiting species, i.e., nearly all the protein ends up as a 
cross-linked tetramer. These results are incompatible with the three-
subunit model of the protofilament in which the rod domain contains a 
triple-stranded coiled-coil and, instead, indicate that the protofilament 
contains four polypeptide subunits. Inability to build quadruply 
interacting polypeptides in a single coiled-coil points to the tetrameric 
organization, i.e., a dimer of a normal two-stranded coiled-coil, for the 
protofilament unit of desmin or vimentin. 
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INTRODUCTION 
Intermediate (10-nm) filaments comprise one of the cytoskeletal 
components of most, if not all, vertebrate cells. The proteins that make 
up these filaments are representatives of a complex multi-gene family often 
referred to as 10-nm filament proteins. Although the major protein 
components comprising the 10-nm filaments share some general properties 
(e.g., insolubility at physiological ionic strength and pH), based 
primarily upon biochemical and immunological criteria, this family has been 
subdivided into five major subclasses according to the cell types in which 
they originally were discovered: namely, vimentin in cells of mesenchymal 
origin (e.g., fibroblasts), desmin in differentiated muscle cells, keratins 
in epithelial and epithelial-derived cells, neurofilament triplet 
polypeptides in neurones, and glial fibrillary acidic protein in glial 
cells (Lazarides, 1982; Osborn and Weber, 1982; Osbom et al., 1982; Fuchs 
and Hanukoglu, 1983). In vivo, some cells contain two types of 10-nm 
filament proteins (e.g., certain vascular smooth muscle cells contain 
dessin and vimentin; Quinlan and Franke, 1982). And many cells grown in 
vitro contain the 10-nm filament protein typical of their derivation plus 
vimentin (Osbom and Weber, 1982). 
Primary sequence studies have revealed a common structural theme for 
these proteins, namely a basic non-alpha-helical N-terminal headpiece 
domain of about 7.5 kDa which exhibits little homology among 10-nm filament 
proteins, a rather long alpha-helical rod domain (approx. 300-330 amino 
acids, interrupted at specific sites by short non-helical stretches) that 
exhibits considerable homology in primary sequence, and a non-alpha-helical 
acidic carboxy-terminal tail piece domain, which exhibits little homology 
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among subunit types and which is highly variable in size and seemingly can 
accommodate the varying sizes of the 10-nm filament subunit proteins 
(Geisler et al., 1983). 
Little is known with certainty with respect to 10-nm filament 
assembly/disassembly processes. Several investigators (Stromer et al., 
1981; Franke et al., 1982; Aebi et al., 1983; Geisler et al., 1985; Ip et 
al.; 1985a,b) have provided evidence that one of the earliest appearing 
structural intermediates involved in 10-nm filament assembly/disassembly is 
a rod-shaped particle, about 2.5 nra in diameter by about 50 nm in length, 
that often is termed a protofilament. 
Two of the major alternative subunit models proposed for this 
approximately 2.5 nm diameter protofilament building block are: l) one that 
contains a triple stranded coiled-coil structure in the rod domain (i.e., 
three polypeptide chains per protofilament; Steinert et al., 1980) and 2) 
one that contains a dimer of normal interchain double-stranded coiled-coils 
in the rod domain, (i.e., a tetrameric arrangement consisting of four 
polypeptide chains/protofilament; Ahmadi and Speakman, 1978; Woods and 
Gruen, 1981; Geisler and Weber, 1982). 
In this study, I have used chemical cross-linking reagents and 
analysis of resulting products by SDS-PAGE'' to determine the subunit 
composition of the desmin and vimentin protofilaments that are present in 
low ionic strength, slightly alkaline solutions. The results are 
compatible with a tetrameric arrangement for the subunits in desmin and 
vimentin protofilaments.^  
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EXPERIMENTAL PROCEDURES 
Preparation of desmin and vimentin 
Highly purified vertebrate smooth muscle desmin, free of detectable 
actin and vimentin, was prepared from turkey gizzards by the method of 
Huiatt et al. (1980). Highly purified vertebrate vimentin, free of 
detectable actin and desmin, was prepared from the tunica media smooth 
muscle layer of an approximately 12 inch section of porcine aorta adjacent 
to the aortic arch by the procedure of Hartzer et al. (1982)To remove 
urea after chromatographic purification, the desmin was dialyzed 
extensively against 10 mM Tris-acetate, pH 8.5» 5 niM 2-mercaptoethanol, 
followed by dialysis against 10 mM Tris-acetate, pH 8.5. The 
chromatographically purified vimentin was dialyzed extensively against 10 
mli Tris-acetate, pH 8.5, 1 mM dithioerythritol, followed by dialysis 
against 10 mM Tris-acetate, pH 8.5. Both proteins then were clarified at 
143>000 X ^  for 2 h, stored under and toluene vapor at 4°C, and used 
within two weeks. Protein concentrations were determined by the biuret 
method (Gornall et al., 194-3) as modified by Robson et al. (1963). 
Electron microscopy 
Negatively stained preparations of the purified desmin starting 
material used for the cross-linking experiments, following an additional 
clarification at 140,000 x _g for 2 h, were prepared by placing a drop of 
the desmin solution (0.2 mg protein/ml in either 10 mM Tris-acetate, pH 
8.5, or 10 mM triethanolamine-HCl, pH 8.5) on a glow discharged, carbon-
coated 400-®ssh copper grid. After standing undisturbed for 2 min, the 
grid was rinsed with several drops of distilled water. The excess water 
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was removed by touching the grid with filter paper, and the grid was 
stained with 1% uranyl acetate for 30 sec. After the grid was air-dried, 
it was immediately examined in a JEOL JEM-100 CXII electron microscope 
operated at 80 kV. 
Cross-Linking of soluble desmin and vimentin 
Desmin was cross-linked with glutaraldehyde (Payne, 1973), EGS^  
(Abdel la et al., 1979) or BSOCOES^  (Zarling et al., 1980) in 10 mi'l 
triethanolamine-HC1 or 10 mM Tris-acetate, pH 8.5. Vimentin samples were 
cross-linked with glutaraldehyde or EGS in 10 mM triethanolamine-HC1, pH 
8.5. When the reaction was done in 10 mM triethanolamine-HCl, pH 8.5, the 
desmin or vimentin that had been stored in 10 mM Tris-acetate, pH 8.5, was 
first dialyzed 12-16 h against the triethanolamine buffer. All samples 
used in cross-linking experiments were clarified by centrifugation at 
190,000 X g^  for 2 h immediately before cross-linking. 
EGS and BSOCOES (Pierce Chemical Co.) were dissolved in dimethyl 
sulfoxide to give stock solutions of 50 mg/ml and then diluted with cross-
linking buffers to the appropriate concentrations just before cross-
linking. In the results shown herein, the amounts of EGS or BSOCOES used 
were 100^  (w/w) of the protein present, i.e., a constant 1:1 ratio of 
cross-linker to protein was used. Cross-linking was done for 15 min at 24° 
C or for 1 h at 4°C for EGS and BSOCOES, respectively. 
A 25^  (w/v) stock solution of glutaraldehyde (Aldrich Chemical Co.) 
was prepared by neutralization to pH 6.8 with barium carbonate before 
cross-linking. The amount of glutaraldehyde used was 0.02^  (w/v) per 0.05 
mg protein/ml when cross-linking was done in 10 mM triethanolamine-HCl, pH 
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8.5> and 0.06% (w/v) glutaraldehyde per 0.05 mg protein/ml when the 
reaction was done in 10 mM Tris-acetate, pH 8.5. 
All cross-linking reactions were stopped by addition of an excess of 
Tris (10 y 1 of 1 M Tris-acetate, pH 8.5» added to 200/J 1 reaction mixture). 
All samples were immediately diluted with their respective buffer solutions 
to 0.05 mg/ml, added to tracking dye mixture (Huiatt et al., 1980), and 
analyzed by SDS-PAGE on cylindrical 3% polyacrylamide gels according to the 
procedure of Weber and Osborn (1969) with modifications described in Huiatt 
et al. (1980). Molecular weights were determined from plots of log 
versus relative mobility (Weber and Osborn, 1969) obtained by 
electrophoresis of proteins having known subunit molecular weights 
(nebulin, 500,000; filamin, 250,000; myosin heavy chains, 200,000; E. coli 
RNA polymerase, 165,000, 155,000, 39,000; bovine serum albumin, 68,000; 
soybean trypsin inhibitor, 21,000). Additional details/modifications will 
be given in the figure legends. 
Cross-linking of partly assembled or assembled desmin filaments 
Desmin in 10 mM Tris-acetate, pH 8.5, was dialyzed for 12-16 h against 
10 mM triethanolamine-HCl, pH 8.5, and centrifuged at 190,000 x ^  for 2 h 
just before assembly. Desmin (final concentration of 0.05 mg/ml) was 
induced to self-aggregate by the addition of concentrated NaCl to a final 
concentration of 50 mM (partial assembly) or 100 mM (assembled) in the 
presence of 10 mM triethanolamine-HCl, pH 8.5, and incubation for 30 min at 
4°C. The partly assembled (50 mM NaCl) and assembled (lOO mM NaCl) samples 
were cross-linked with EGS (1:1 weight ratio of cross-linker to protein) 
for 15 min at 24°C. The reaction was stopped by addition of excess Tris. 
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Cross-linking of previously disulfide-linked desmin 
Desmin and vimentin each have but one cysteinyl residue/chain (Geisler 
and Weber, 1981); and, disulfide-linked dimers can be prepared (studies 
herein; also see Quinlan and Franke, 1982). Samples containing a high 
proportion of disulfide-linked desmin were prepared by extensive dialysis 
of desmin fractions removed from the last column chromatographic 
purification step (DEAE-Sepharose CL-6B; Huiatt et al., 1980) against 6 M 
urea, 10 mM Tris-acetate, pH 3.5> for at least 48 h in the absence of 
reducing reagents. The resulting samples, which consist of about 90% or 
more of disulfide-linked 120-kDa dimers and 10% or less monomers when 
examined by SDS-PAGE run in the absence of reducing reagent, were dialyzed 
extensively against 10 mM Tris-acetate, pH 8.5, to remove the urea, and 
then triethanolamine-HCl, pH 8.5. The samples were centrifuged at 190,000 
X £ for 2 h just before cross-linking. Cross-linking with EGS and 
termination with excess Tris were done as described for soluble 
protofilament samples. 
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RESULTS 
Samples of purified soluble desmin in 10 mM Tris-acetate, pH 8.5» or 
10 mM triethanolamine-HCl, pH 8.5, were negatively stained and examined in 
the electron microscope (Fig. 1). In both buffers, the major structural 
form (single arrows in Fig. 1 a,b) present is protofilaments, approximately 
2 to 2.5 nm wide by 50 nm in length. A few 3.5-5 nm diameter 
protofibrils/subfilaments (double arrows) (Stromer et al., 1981; Aebi et 
al., 1983) and some approximately 7-15 nm diameter annular structures 
(large arrows in Fig. 1 a,b) also were present. Similar structures have 
been observed by others (Stromer et al, 1981; Franke et al., 1982). No 
assembled 10-nm filaments were present. Samples of the purified vimentin 
appeared similar, with most of the protein present as protofilaments (not 
shown herein, but see Ip et al., 1985 a,b). 
Cross-linking of desmin with glutaraldehyde, EGS or BSOCOES in 10 mM 
triethanolamine-HCl, pH 8.5 
The effect of desmin concentration on cross-linking with a constant 
ratio of glutaraldehyde to desmin (0.02% ,w/v, glutaraldehyde per 0.05 mg 
protein/ml) is shown in Fig. 2. For orientation purposes, the position of 
the dimer (band 2) is shown in Fig. 2, lane a, which is control desmin 
electrophoresed in the absence of a reducing reagent. At low protein 
concentration, four principal products (i.e., a tetrameric pattern) are 
evident (Fig. 2, lane c), which correspond in molecular weight to 
approximately 56,000, 120,000, 170,000, and 220,000. Band 4 (approximately 
220 kDa) is the predominant species and remains so even as protein 
concentration increases (Fig. 2, lanes d to g). As will be demonstrated 
Fig. 1. Negatively stained samples of control desmin used in the cross-
linking experiments a) desmin in 10 mM Tris-acetate, pH 8.5; b) 
desmin in 10 mM triethanolamine-HCl, pH 8.5• Under both 
conditions there are many 2- to 2.5-nm diameter protofilaments 
(small arrows) and some 3»5- to 5-nm diameter subfilaments/ 
protofibrils (double arrows). There also are some 7- to 15-nm 
diameter spherical/annular structures (large arrows) present, 
especially in the sample in triethanolamine buffer (b). Bars 
represent 100 nm (X 135»000). 

Fig. 2. Desmin cross-linked with glutaraldehyde in 10 mM 
triethanolamine-HCl, pH 8.5. SDS-PAGE gels were all run in 
tracking dye containing 2-mercaptoethanol except for lane a. 
Lane control uncross-linked desmin run in tracking dye 
without 2-mercaptoethanol showing the presence and migration 
position of some disulfide-linked desmin dimer (band 2); lane b, 
control uncross-linked desmin run in tracking dye with 2-
mercaptoethanol; lanes c to g show glutaraldehyde cross-linked 
desmin; lane c, 0.05 mg/ml desmin, lane d, 0.1 mg/ml desmin; 
lane e, 0.2 mg/ml desmin; lane f, 1.0 mg/ml desmin; lane g, 2.0 
mg/ml desmin; lane li, standards of myosin heavy chains (200 kDa) 
and filamin (250 kDa); lane i, standards of E. coli RNA-
polymerase subunits (39 kDa, 155 kDa, and 155 kDa), soybean 
trypsin inhibitor (21 kDa), and bovine serum albumin (58 kDa); 
lane j_, standards of nebulin (about 500 kDa) and titin 
(approximately 1,000 kDa at top of gel). Four principal bands 
are marked 1, 2, 3 and 4 at the left and correspond to molecular 
weights of approximately 56,000, 120,000, 170,000 and 220,000, 
respectively (an additional species migrating with a mobility 
corresponding to about 400,000 kDa is marked with an unlabeled 
bar at the top left). 
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later (Fig. 9), the 220,000-dalton band clearly corresponds to a tetrameric 
product. An approximately 4-00,000-dalton species (labeled with unmarked 
bar at left of Fig. 2) also increases in amount with increase in desmin 
concentration. These results suggest that the desmin protofilaments 
present in slightly alkaline, low ionic strength buffer contain four 
polypeptide subunits. The approximately 4OO,000-dalton species, which is 
present in only minor amounts when cross-linking is done at low protein 
concentration (Fig. 2, lane c), may be an intramolecularly cross-linked 
product that corresponds to the approximately 3.5 to 5 nm diameter 
protofibril/subfilament species seen in Fig. 1. Increase in amount of the 
400,000-dalton species at higher protein concentrations (Fig. 2, lanes d to 
g), however, may be due to intermolecular cross-linking of two tetrameric 
protofilaments. 
Cross-linking of desmin protofilaments also was done with EGS and 
BSOCOES. The results showing the effect of protein concentration on cross-
linking with a constant ratio of EGS or BSOCOES cross-linker to desmin are 
shown in Figs. 3 and 4, respectively. A tetrameric pattern again was 
obtained at low desmin concentration (lane c in Figs. 3 or 4)» With 
increase in protein concentration, the tetramer (band 4) remains the major 
species present (lanes d to f in Fig. 3 and d to g in Fig. 4)« In results 
not shown, the time of cross-linking of desmin with EGS was varied from 5 
min to 2 h (same ratio of cross-linker to protein as used in Fig. 3). A 
tetrameric pattern again was obtained, with the 56,000-, 120,000-, and 
170,000-dalton species quickly disappearing with increased time and the 
220,000-dalton species always being the predominant band. These results 
indicate that the cross-linking reaction was essentially complete under 
Fig. 3. Desmin cross-linked with EGS in 10 mM triethanolamine-HCl, pH 
8.5. SDS-PAQE gels were all run in tracking dye containing 2-
mercaptoethanol except for lane a. Lane a, control uncross-
1inked desmin run in tracking dye without 2-me reap toethano1 
showing presence and migration position of some disulfide-linked 
desmin dimer (band 2); lane b, control uncross-linked desmin run 
in tracking dye with 2-mercaptoethanol lanes c_ jto f_ show EGS 
cross-linked desmin; lane c, 0.05 mg/ml desmin; lane d, 0.1 
mg/ml desmin; lane e, 0.2 mg/ml desmin; lane f, 0.8 mg/ml 
desmin; lane g, standards of myosin heavy chains (200 kDa) and 
filamin (250 kDa). Positions of major bands are indicated at 
left (see legend to Fig. 2). 
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Fig. 4* Desmin cross-linked with BSOCOES in 10 mM triethanolamine-HCl, 
pH 3.5. SDS-PAGE gels were all run in tracking dye containing 
2-mercaptoethanol except for lane a. Lane a, control uncross-
linked desmin run in tracking dye without 2-mercaptoethanol 
showing presence and migration position of some disulfide-linked 
desmin dimer (band 2); lane b, control uncross-linked desmin run 
in tracking dye with 2-mercaptoethanol; lanes c_ £ show 
BSOCOES cross-linked desmin; lane c, 0.05 mg/ml desmin; lane d, 
0.1 mg/ml desmin; lane e, 0.2 mg/ml desmin, lane f, 0.6 mg/ml 
desmin; lane g, 1.0 mg/ml desmin; lane h, standards of myosin 
heavy chains (200 kfla) and filamin (250 kDa). Positions of 
major bands are indicated at left (see legend to Fig. 2). 
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the standard conditions used in our study. 
Cross-linking of soluble vimentin with glutaraldehyde or EGS in 10 mM 
triethanolamine-HC1, pH 8.5 
The effects of protein concentration on chemical cross-linking of 
mammalian vimentin protofilaments with glutaraldehyde or EGS are shown in 
Figs. 5 and 5, respectively. As was the case for desmin (Figs. 2-4)> the 
vimentin yielded a tetrameric pattern at low protein concentration with the 
tetramer (band 4) comprising the major species. Thus, both desmin and 
vimentin protofilaments yielded similar results. 
Cross-linking of soluble desmin with glutaraldehyde in 10 mM Tris-acetate, 
pH 8^  
Because the cross-linkers used in this study link polypeptide chains 
primarily through their primary amine groups, the primary buffer used 
herein was triethanolamine rather than Tris, which has a primary amine. 
Many studies conducted on desmin/vimentin protofilaments and assembly, 
however, have utilized Tris buffers. To show that the cross-linked 
products/pattern are similar in the two buffers, desmin also was cross-
linked with glutaraldehyde in a 10 mM Tris-acetate, pH 8.5 buffer. An 
excess of glutaraldehyde was used. As shown in Fig. 7, the glutaraldehyde 
cross-linked products obtained in the Tris-actetate, pH 8.5 buffer at 
varying desmin concentrations are similar to those obtained in the 
triethanolamine-HCl, pH 8.5 buffer (c.f., Fig. 2). Thus, the 
protofilaments contain four chains regardless of the two buffers they are 
in. 
Fig. 5. Vimentin cross-linked with glutaraldehyde in 10 mM 
triethanolamine-HC1, pH 8.5. SDS-PAGE gels were all run in 
tracking dye containing 2-mercaptoethanol except for lane b. 
Lane a, control uncross-linked vimentin run in tracking dye with 
2-mercaptoethanol; lane control uncross-linked vimentin run 
in tracking dye without 2-meroaptoethanol showing presence and 
migration position of some disulfide-linked vimentin dimer (band 
2); lanes c to f show glutaraldehyde cross-linked vimentin; lane 
£, 0.05 mg/ml vimentin; lane d, 0.1 mg/ml vimentin; lane e, 0.2 
mg/ml vimentin; lane f, 0.6 mg/ml vimentin; lanes g to i, 
standards which correspond to those in gels h, i, and j, 
respectively, in legend to Fig. 2. Position of major bands are 
labeled at left (see legend to Fig. 2). 
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Fig. 6. Vimentin cross-linked with EGS in 10 mM triethanolamine-HCl, pH 
8.5. SDS-PAGE gels were all run in tracking dye containing 2-
mercaptoethanol except for lane a. Lane control uncross-
linked vimentin run in tracking dye without 2-mercaptoethanol 
showing presence and migration position of some disulfide-linked 
vimentin dimer (band 2); lane b, control uncross-linked vimentin 
run in tracking dye with 2-mercaptoethanol; lanes c to f show 
EGS cross-linked vimentin; lane c, 0.05 mg/ml vimentin; lane d, 
0.1 mg/ml vimentin; lane e, 0.2 mg/ml vimentin; lane f, 0.6 
mg/ml vimentin. Positions of major bands are labeled at left 
(see legend to Fig. 2). 

Fig. 7. Desmin cross-linked with glutaraldehyde in 10 mil Tris-acetate, 
pH 8.5. SDS-PAGE gels were all run in tracking dye containing 
2-mercaptoethanol except for lane a. Lane a, control uncross-
linked desmin run in tracking dye without 2-mercaptoethanol 
showing presence and migration position of some disulfide-linked 
desmin dimer; lane _b, control uncross-linked desmin run in 
tracking dye with 2-mercaptoethanol; lanes £ _^  f. show 
glutaraldehyde cross-linked demsin; lane c, 0.05 mg/ml desmin; 
lane d, 0.1 mg/ml desmin, lane e, 0.2 mg/ml desmin, lane f, O.4 
mg/ml desmin; lanes g-i, standards which correspond to those in 
g^ s n, 1, andr^ , respectively, in legendr^ ra^ ig. 2r. Fositxonsr" 
of major bands are labeled at left (see legend to Fig. 2). 
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Comigration of desmin and vimentin cross-linked products 
In the SDS-PAGE system used herein (Weber and Osbom, 1969)» desmin 
monomers and cross-linked tetramers essentially comigrated with vimentin 
monomers and tetramers, respectively. This is shown in Fig. 8 in which 
desmin and vimentin were cross-linked simultaneously with glutaraldehyde 
and then subjected to SDS-PAGE singly and in combination. The results show 
that the monomer (approximately 5o,000-dalton), dimer (approximately 
120,000-dalton), and tetramer (approximately 220,000-dalton) species of 
desmin and vimentin are nearly indistinguishable in this gel system. 
Verification of band assignments 
Because some deviation from linearity in log versus mobility plots 
with covalently cross-linked proteins can occur (Bretscher and Weber, 1980; 
Geisler and Weber, 1982; Quinlan and Franke, 1932), it was necessary to 
demonstrate that the band labeled herein as a tetramer was in fact a 
tetramer. Correct assignment of the approximately 120,000-dalton band as 
the dimer is straightforward because the disulfide-linked species formed 
from two subunits, each having but one cysteinyl residue, migrates at that 
position. To correctly identify the approximately 220,000-dalton species 
as the tetramer, I prepared samples containing mostly disulfide-linked 
dimeric species that could then be further cross-linked to tetramers. It 
was observed (not shown) that when samples of soluble desmin or vimentin in 
10 mM Tris-acetate, pH 8.5, were subjected to air oxidation or oxidation 
catalyzed by 1,10-phenanthroline-cupric ion complex, only about 10 to \5% 
of the protein migrated as the dimer when analyzed by SDS-PAGE run in the 
absence of 2-mercaptoethanol. Similar small yields have been observed by 
Fig. 8. Comigration of uncross-linked and of glutaraldehyde cross-linked 
desmin and vimentin in 10 mM Tris-acetate, pH 8.5• SDS-PAGE 
gels were all run in tracking dye containing 2-mercaptoethanol 
except for lanes a to c which were run without 2-mercaptoethanol 
to show the presence and migration position of a small amount of 
disulfide-linked dimer (band 2). Lane a, control uncross-linked 
desmin; lane _b, control uncross-linked vimentin; lane c_, mixture 
of control uncross-linked desmin and control uncross-linked 
vimentin; lane control uncross-linked desmin; lane e_, control 
uncross-linked vimentin; lane f_, mixture of control uncross-
linked desmin and control uncross-linked vimentin; lane £, 
glutaraldehyde cross-linked desmin, 0.1 mg/ml; lane h, 
glutaraldehyde cross-linked vimentin, 0.1 mg/ml; lane i, mixture 
of glutaraldehyde cross-linked desmin, 0.1 mg/ml, and 
glutaraldehyde cross-linked vimentin, 0.1 mg/ml; lanes j-1, 
standards which correspond to those in gels h, i, and j, 
respectively, in legend to Fig. 2. Positions of major bands are 
labeled at left (see legend to Fig. 2). 
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Quinlan and Franks, (1982). To greatly increase the proportion of 
disulfide-linked, species, a protocol was developed as described in the 
Experimental Procedures (i.e., dialysis against urea in the absence of 
educing reagent). The resulting samples contain about 90% dimer when 
examined by SDS-PAGE run in the absence of 2-mereaptoethanol (Fig. 9» lane 
e). Samples of the desmin disulfide-linked dimers, after removal of urea 
by additional dialysis, were cross-linked with EGS in 10 mM 
triethanolamine-HCl, pH 8.5. The EGS cross-linked species migrated as the 
220,000-dalton species (Fig. 9, lanes g and h) and, therefore, the 220,000-
dalton band in the gels corresponds to a tetrameric species. Thus, 
assignment of the approximately 56,000- (band 1), approximately 120,000-
(band 2), and approximately 220,000-dalton (band 4) species as monomer, 
dimer, and tetramer was demonstrated. Assignment of the 170,000-dalton 
species as a trimer appears evident, but was not verified experimentally. 
It has been difficult to unambiguously identify the number of subunits 
present in the variable amount of approximately 400,000-dalton species 
observed in these cross-linking studies (band identified with unlabeled 
line at left of gels in Figs. 2-9). Little of this species is present when 
cross-linking is done at low protein concentrations, where intermolecular 
cross-linking would be discouraged. Somewhat more of it was present when 
cross-linking was done at higher protein concentrations (especially see 
Figs. 2, 4 and 7), although no conditions were found in which it became the 
major species or in which it even came close to the amount of the tetramer 
present. A two-step or double cross-linking experiment was done. Desmin 
(0.2 mg/ml in 10 mM Tris-acetate, pH 8.5) was first cross-linked with 
glutaraIdehyde (0.04^ , w/v) for 40 min at 24°C (i.e., under conditions not 
Fig. 9. Verification of assignment of the approximately 220,000-dalton 
species as a tetramer. SDS-PAGE gels were all run in tracking 
dye not containing 2-mercaptoethanol except for lanes b and f. 
Lanes £ through ^  were run with desmin that had been stored as 
normal in 10 mM Tris-acetate, pH 8.5. Lane a, control uncross-
linked desmin run in tracking dye without 2-mercaptoethanol 
showing presence and migration position of some disulfide-linked 
desmin dimer (band 2); lane b, control uncross-linked desmin run 
in tracking dye with 2-mercaptoethanol; lane c, EGS cross-linked 
desmin (O.05 mg/ml); lane d, EGS cross-linked desmin (0.5 mg/ml) 
showing typical limiting species (band 4) at about 220,000-
daltons; lanes e through h were run with the disulfide-linked 
desmin dimer that had been prepared by storing the desmin in 5 M 
urea, 10 mM Tris-HCl, pH 8.5; lane e, control uncross-linked 
disulfide desmin dimer run in tracking dye without 2-
mercaptoethanol, lane f, control uncross-linked disulfide desmin 
dimer run in tracking dye containing 2-mercaptoethanol; lane g, 
EGS cross-linked disulfide desmin dimer (0.05 mg/ml); lane h, 
EGS cross-linked disulfide desmin dimer (O.l mg/ml), lane i, 
standards of myosin heavy chains (200 kDa) and filamin (250 
kDa). 
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favoring intermolecular cross-linking of protofilaments) to yield a cross-
linked sample containing primarily the tetrameric species (Fig. 10, lane 
c). An aliquot of the tetramerically-enriched fraction was then cross-
linked a second time by addition of glutaraldehyde (final concentration of 
0.18 mg desmin/ml and 0.2%, w/v, glutaraldehyde) and incubation at 24°C for 
5 min. The second reaction was terminated by addition of excess Tris. The 
results (Fig. 10, lane d) suggest that some of the approximately 220,000-
dalton tetrameric species present after the first cross-linking has been 
cross-linked by the second cross-linking step to a band that comigrated 
with the approximately 4OO,000-dalton species seen in this study when 
cross-linking was carried out at high protein concentration. Thus, it is 
likely that this band is an octamer. As pointed out earlier, I have not 
found cross-linking conditions which produce this species as the major 
cross-linked product. 
Cross-linking of partly assembled and assembled desmin 
The effect of increasing ionic strength, which promotes self-assembly 
of desmin into 10-nm filaments (Huiatt et al., 1980), on the cross-linking 
reaction is shown in Fig. 11. When the desmin protofilaments are 
polymerized in the presence of 100 mM NaCl into 10-nm filaments (verified 
by electron microscope observations, not shown), i.e., the protofilaments 
are all in very close proximity in the filament, the desmin is cross-linked 
to very high molecular weight species by the EGS (Fig. 11, lane d; the 
protein remains at the top of the gel). When polymerization is done at 
somewhat lower ionic strength (50 mM NaCl present) where most of the 
protein is present as short 10-nm filaments, but a small amount of 
Fig. 10. Verification of assignment of the approximately 400,000-dalton 
species as an octomer. SDS-PAGE gels were all run in tracking 
dye containing 2-mercaptoethanol except for lane a. Lane a, 
control uncross-linked desmin run in tracking dye without 2-
mercaptoethanol showing presence and migration position of some 
disulfide cross-linked dimer (band 2); lane b, control uncross-
1inked desmin run in tracking dye with 2-mercaptoethanol; lane 
£, sample of desmin after first cross-linking with 
glutaraldehyde (see Experimental Procedures); lane d, sample of 
desmin after cross-linking with glutaraldehyde a second time 
showing increased amount of approximately 400,C00-daltcn 
species (marked by line at top left) ; lanes e_ standards 
which correspond to those in gels h, i and j, respectively, in 
legend to Fig. 2. Positions of major bands are labeled at left 
(see legend to Fig. 2). 
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Fig. 11. Polymerized desmin cross-linked with EGS in 50 mM NaCl or 100 
mM NaCl, 10 mM triethanolamine-HCl, pH 8.5. SDS-PAGE gels were 
all run in tracking dye containing 2-mercaptoethanol except for 
lane a. Lane a_, control uncross-linked desmin mn in tracking 
dye without 2-mercaptoethanol showing the presence and 
migration position of some disulfide cross-linked dimer; lane 
_b, control uncross-linked desmin run in tracking dye with 2-
mercaptoethanol ; lane c_, desmin partly polymerized in 50 mM 
NaCl, 10 mM triethanolamine-HCl, pH 8.5, and then cross-linked 
with EGS; lane d, desmin polymerized in 100 mM NaCl, 10 mM 
triethanolamine-HCl, pH 8.5, and then cross-linked with EGS; 
lanes e_1° â* standards which correspond to those in gels h, i 
and j, respectively, in legend to Fig. 2. Positions of major 
bands are labeled at left (see legend to Fig. 2). 
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unpolymerized protofilaments remains (electron microscope results, not 
shown), the protein is cross-linked by EGS primarily to very high molecular 
weight products (see top of lane c in Fig. 11) plus a small amount of 
tetramer (band 4) and lower molecular weight species. 
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DISCUSSION 
Desmin and vimentin protofilaments were analyzed, with regard to their 
oligomeric character by chemical cross-linking experiments using three 
cross-linkers with two buffer systems. I have used the Weber and Osborn 
(1969) phosphate buffer system to analyze the cross-linked products by SDS-
PAGE. In agreement with Geisler and Weber (1982), this electrophoretic 
system gave me less peculiar behavior in terms of the observed apparent 
molecular weights of cross-linked species than did other electrophoretic 
systems such as the Tris-glycine system of Laemmli (1970) (also see Quinlan 
and Franke, 1982). Only small deviations from linearity were obsvered in 
estimating molecular weight from the SDS-PAGE experiments. To be certain 
of the assignments, samples containing some disulfide dimer were routinely 
included and the migration position of the tetrameric complex were clearly 
established by electrophoretically measuring the mobility of tetramers 
formed by chemically cross-linking disulfide dimers. 
Throughout the past few years, models of intermediate filament 
protofilaments have been dominated by three-chain models in which the long 
rod domain supposedly is built from triple-stranded coiled-coils (see 
Steinert, 1978 and S te inert et al., 1980 and réf. therein). The results of 
my cross-linking experiments are incompatible with such a model. 
Regardless of ; 1) the three cross-linkers used 2) the two buffer systems 
employed, or 3) the intermediate filament protein tested (vimentin or 
desmin), I obtained a tetrameric pattern in which the te tramer was the 
major product and the limiting species when experiments were conducted 
under conditions (e.g., low protein concentrations) that favor 
intramolecular cross-linking but limit intermolecular cross-linking 
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reactions. The results, which have been conducted on intact molecules, are 
in agreement with those of Geisler and Weber (1982), who used dimethyl 
suberimidate to cross-link rod domains isolated from ohymotryptic digests 
of avian desmin. As pointed out clearly by those workers (Geisler and 
Weber, 1982), the obvious inability to build quadruply interacting 
polypeptides in a single coiled-coil suggests that the polypeptides in the 
protofilament are arranged in some type of dimeric organization in which 
the alpha-helical rich rod domains are comprised of two double stranded 
coiled-coils. Precisely how the two dimers in this tetrameric 
protofilament are arranged remains unclear. Based upon model building and 
maximization of favorable charge interactions, Crewther et al. (1983) have 
presented several possibilities, and favor one in which the two coiled-
coils are arranged in an antiparallel, staggered fashion. Our preliminary 
results (Pang and Robson, 1984)» however, favor a model (Ip et al., 
1985a,b) in which the two dimers are in register and in an antiparallel 
arrangement. A similar proposal has recently been suggested by Geisler et 
al. (1985). 
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SUMi'IARY 
The 2 to 2.5 nm diameter protofilament unit of 10-nm desmin filaments 
is composed of four identical, approximately 53»000-dalton polypeptide 
chains. Giesler and Weber (1982b) have proposed that the four subunits are 
arranged as a dimer of normal interchain double-stranded coiled-coils. To 
gain more information on the stability of the protofilaments and 
arrangement of the subunits in the four-chained protofilament units, I have 
used chemical cross-linking to follow its dissociation/association in the 
presence of urea or at elevated pH. 
Analysis of cross-linked products in low ionic strength buffer at 
different pH values indicates that desmin exists as a tetrameric species up 
to pH 11. When the pH of the buffer is increased to pH 12, most of the 
desmin protofilaments start to dissociate into dimers. At pH 12.5, all of 
the tetramers have dissociated into dimers. The existence of these dimers 
is independent of any disulfide linkage between two subunits. 
Analysis of chemically cross-linked products in pH 8.5 buffer in 
different concentrations of urea in the absence of 2-mercaptoethanol 
indicates that desmin exists as a tetrameric species in 5 M urea. As urea 
concentration is increased to 6 to 5.5 M, the desmin tetramers start to 
dissociate into dimers. As urea concentration is increased to 7 M, the 
desmin is present as dimers. The desmin remains as dimers at this high 
urea concentration because of a disulfide linkage formed between two desmin 
subunits in the presence of urea and absence of 2-mercaptoethanol. 
Analysis of chemically cross-linked products in pH 3.5 buffer in 
different concentrations of urea in the presence of 2-mercaptoethanol 
indicates the desmin exists as tetramers in 5 M urea. As urea 
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concentration is increased to 6 M, the desmin tetramers start to dissociate 
into dimers. In 6.5 M urea, more of the tetramers dissociate into dimers 
and some monomers. As urea concentration is increased to 7 M, the desmin 
is present mainly as monomers with only small amounts of dimers present. 
In 8 M urea, the desmin is present as monomers. 
I have used N-bromosuccinimide (NBS^ ) catalyzed cleavage at the sole 
tryptophanyl residues of desmin polypeptides in chemically cross-linked 
desmin tetramers to indicate that the two dimeric coiled-coils in the four-
chained protofilament are likely positioned in an antiparallel fashion^ . 
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INTRODUCTION 
Most vertebrate cells contain a cytoskeletal network comprised 
primarily of intermediate (lO-nm) filaments, microtubules and 
microfilaments (Lazarides 1980; Osbom et al., 1982). Intermediate 
filaments can be grouped into five subclasses according to tissue of 
origin, e.g., desmin from mature smooth (gastrointestinal) and striated 
muscles. Although clearly distinguishable by immunological and biochemical 
criteria, these five classes of 10-nm filaments and major constituent 
proteins share many general characteristics such as morphology, amino acid 
sequence homologies, alpha-helical content, insolubility at physiological 
pH and ionic strength, and ability to dissociate into protofilaments under 
appropriate conditions. 
Amino acid sequence data show a seven residue repeat pattern along the 
alpha-helical coiled-coil segments of the long rod domain of protofilaments 
(Geisler and Weber, 1982a,b; Geisler et al., 1983; Quax-Jeuken et al., 
1983; Steinert et al., 1983) similar to that observed in the primary 
structure in the myosin rod and tropomyosin (Sodek et al», 1972; McLachlan 
and Stewart, 1975; Parry et al., 1977)• It is believed that the 
hydrophobic residues at the a and d positions of the seven residue repeat 
are aligned to form a hydrophobic backbone or matching surfaces to hold two 
alpha-helical polypeptides in a coiled-coil. The alpha-helical segments of 
the rod domain of protofilaments also show alternating positively and 
negatively charged residues at 28/3 and 28/10 repeats (Parry et al, 1977; 
McLachlan and Stewart, 1982; Steinert et al., 1983). These charge clusters 
are present on the outer surface of the coiled-coil and are likely 
responsible for the electrostatic interactions between neighboring coils. 
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Using slightly alkaline (pH 8.5 to 9.5) low ionic strength buffers, 
most intermediate filaments (e.g., desmin and vimentin) dissociate into 
protofilaments, 2 to 2.5 nm diameter by 50 nm long structures composed of 
four polypeptide chains (Ahmadi and Speakman, 1978; Woods and Gruen, 1981; 
Geisler and Weber, 1982b; Pang et al., 1983; Ip et al., 1985b). The 
protofilaments are considered as important assembly/disassembly 
intermediates (Stromer et al., 1981; Ip et al., 1985a,b). Although work 
has been done on the assembly and disassembly of the intermediate filaments 
(Krishnan et al., 1979, Stromer et al., 1981; Aebi et al., 1983; Ip et al., 
1985a,b), little work has been done on the arrangement of the four monomers 
in the protofilament and the precise arrangement of these four chains in 
the protofilament is largely unknown. It has been proposed that 
stabilization of the tetramer results from hydrophobic and ionic 
interactions (Parry et al., 1977; Geisler and Weber, 1982a,b; McLachlan and 
Stewart, 1982; Geisler et al., 1983; Quax-Jeuken et al., 1983; Steinert et 
al., 1983). And it seems likely that the tetrameric protofilament contains 
a normal, double-stranded coiled-coil structure (Woods and Gruen, 1981; 
Geisler and Weber, 1982b; Greun and Woods, 1983; Pang et al., 1983, 1985^ ). 
Recent work on wool and epidermal keratins suggests that the polypeptide 
subunits within each of the two dimers of a protofilament are parallel and 
in register (Woods and Inglis, 1984; Parry et al., 1985)« Geisler et al. 
(1985), using Fab fragments of a desmin-specific monoclonal antibody, have 
decorated isolated desmin rod domains at both ends, which suggests that the 
two dimers of the protofilament are arranged in an antiparallel fashion. 
To gain more insight into the stability of the desmin four-chained 
profilament unit, I have used chemical cross-linking to follow its 
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dissociation in the presence of urea or elevated pH. The products were 
then analyzed by SDS-PAGE^ , I also have examined how the two dimers of the 
protofilament may be arranged by: 1) first cross-linking desmin into stable 
tetrameric protofilaments, 2) then cleaving the subunits in the 
protofilament at their sole tryptophan residue, and 3) evaluating the 
cleavage products by SDS-PAGE. My results are compatible with an 
antiparallel arrangement of the two dimers within a protofilament. 
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EXPERIMENTAL PROCEDURES 
Unless specified, all steps were carried out at 0-4°C in a cold room 
or on ice. Solutions were prepared with double-deionized distilled water 
that had been redistilled in glass and stored in polyethylene containers. 
All urea solutions used in this preparation were made from a stock 8 M, pH 
7 solution which had just been passed through an Amberlite Î4B-3 mixed bed 
ion exchange resin column (Mallinckrodt Chemical Works, St. Louis, MO) to 
remove heavy metal and cyanate ion contamination. 
Preparation of desmin samples 
Highly purified desmin, free of detectable actin and vimentin, was 
prepared from fresh turkey gizzards by the method of Huiatt et al. (1980). 
Purified desmin was stored under nitrogen and toluene vapor at 0-4°C until 
used. Tetrameric desmin protofilaments in a reduced state (used in studies 
described in Figs. 1-4) were prepared by extensive dialysis of purified 
desmin against 10 mM Tris-acetate, pH 8.5, 10 mM Z-mercaptoethanol, 
followed by dialysis against 10 mM Tris-acetate, pH 8=5} 5 mli 2-
mercaptoethanol, and finally against 10 mM Tris-acetate pH 8.5. Tetrameric 
desmin with a high percentage of disulfide-linked dimers present (each 
polypeptide has only one cysteinyl residue; Geisler and Weber, 1981), when 
analyzed by SDS-PAGE, were prepared by extensive (>2 days) dialysis of 
purified desmin against 6 M urea, 10 mM Tris-acetate, pH 8.5 with no 
reducing chemicals present (desmin used in Figs. 5-17)« 
The protein concentration range for all desmin dissociation studies 
was 0.05, 0.10, 0.20, 0.50 and 0.8 mg/ml. Protein concentrations were 
determined by the biuret method (Gomall et al., 1949) as modified by 
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Robson et al. (1968). 
Dissociation of tetramerie desmin by elevated pH; cross-linking and 
analysis of products 
Tetrameric desmin protofilaments were clarified by centrifugation at 
140,000 X ^  for 1 h and then dialyzed against 10 mM CAPSO"^  at pH 9, 10, 11, 
12 or 12.5 overnight at 0-4°C. The cross-linking reaction was initiated by 
the addition of glutaraldehyde (0.02%, w/v, per 0.05 mg/ml desmin), allowed 
to react for 5 min at 24°C (Payne, 1973), and then stopped by addition of 
an excess of 10 mM Tris-acetate, pH 8.5. All samples were diluted to 0.05 
mg/ml with the appropriate buffer, then immediately added to tracking dye 
mixture (Huiatt et al., 1930), and analyzed by SDS-PAGE on 5^  
polyacrylamide cylindrical gels (Weber and 0shorn, 1959), as modified by 
Huiatt et al. (1980). 
Dependence of desmin polypeptide association on urea concentration with 
desmin containing disulfide-linked dimers; cross-linking and analysis of 
products 
After clarification at 140,000 x ^  for 1 h, desmin that contained a 
large amount {>85%) of disulfide-linked dimers when analyzed by SDS-PAGE 
without 2-mercaptoethano1 (prepared as described earlier) in 6 M urea, 10 
mM Tris-acetate, pH 8.5» was dialyzed against 5, 6, 6.5, 7, and 8 M urea in 
10 mM Tris-HCl, pH 8.5, without the presence of any reducing agent. The 
amounts of glutaraldehyde used for cross-linking were 0.08, 0.I6, 0.19, 
0.23 or 0.30^  (w/v) per 0.05 mg/ml desmin in 5, 6, 6.5, 7 or 8 M urea in pH 
8.5 buffer, respectively. To ensure cross-linking of all desmin products 
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in the 2-mercaptoethanol-free buffer, the quantity of glutaraldehyde was 
doubled in three samples (Figs. 5-9» lanes i-k) in each of these 
experiments. The glutaraldehyde was incubated with the desmin for 5 min at 
24°C and the reaction was stopped by addition of an excess of the 
corresponding buffer. All the samples were diluted to 0.05 mg/ml protein, 
immediately added to tracking dye mixture, and then analyzed by SDS-PAGE as 
described earlier. 
Dependence of desmin polypeptide association on urea concentration with 
desmin under reducing conditions; cross-linking and analysis of products 
Desmin samples prepared as described in the preceding section were 
dialyzed against 5, 6, 6.5, 7, and 8 M urea solutions containing 10 mM 
Tris-HCl, pH 8.5, 10 mM 2-mercaptoethanol. The amounts of glutaraldehyde 
used for cross-linking were 0.08, 0.16, 0.19, 0.23 or 0.30%'(w/v) per 0.05 
mg/ml desmin in 5, 6, 6.5, 7 or 8 M urea-containing buffer solutions, 
respectively. Cross-linking and analysis of products were done as 
described in the immediately preceding section. 
Cleavage of previously cross-linked tetrameric desmin by NBS 
Cross-linking solutions 
1. A stock solution (25%, w/v) of glutaraldehyde (Aldrich Chemical 
Co.) was neutralized to pH 6.8 by adding barium carbonate (removed 
by filtration) before cross-linking. Enough glutaraldehyde stock 
solution was added to the desmin to bring the solution to 0,2%, 
w/v, glutaraldehyde per 0.5 mg/ml desmin. 
2. A stock solution of DIIS^  (Sigma Chemical Co.) was prepared by 
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addition of 50 mg DMS to 3 ml 10 mM Tris-HCl, pH 10.5, then 
adjustment of the solution to pH 11 with NaOH. Immediately before 
use, this stock solution was diluted with 8 M urea in 10 mM Tris, 
pH 11, to make the solution 3 M urea, 10 mg/ml DMS. 
3. A stock solution of 50 mg/ml EGS^  in dimethyl sulfoxide (Pierce 
Chemical Co.) was prepared. The stock solution was diluted with 
cross-linking buffers to the appropriate concentrations just 
before use. 
Cross-linking and cleavage procedures Tetrameric desmin containing 
a high percentage of disulfide linked dimers when analyzed by SDS-PAGE 
without reducing substances was dialyzed for 12-16 h against 3 M urea, 
10 mM Tris-HCl, pH 8.5 or 11, and then clarified (see above). The 
desmin samples were adjusted to 0.5 mg/ml and cross-linked in one of 
three ways: 
1. 0.2%, w/v, glutaraldehyde:desmin in 3 M urea, 10 mi'I Tris-HCl, pH 
8.5, for 5 min at 24°C. 
2. 4:1 (w/w) DMS:desmin in 10 mli Tris-HCl, 3 M urea, pH 11, for 3 h 
at 24°C (Davies and Stark, 1970). 
3. 1:1 (w/w) EGS:desmin in 3 M urea, 10 mM Tris-HCl, pH 8.5, for 15 
min at 24°C (Abdell et al., 1979). 
All cross-linking reactions were stopped by the addition of excess 8 M 
urea, 10 mM Tris of the appropriate pH. The desmin samples (cross-linked 
and some controls not cross-linked) were first dialyzed against 8 M urea, 
pH 7, for 3 h and then dialyzed against 8 M urea, 2 M acetic acid for 
another 3 h before NBS (Sigma Chemical Co.) cleavage (Feldhoff and Peters, 
1976). Stock NBS solution (40 mg/ml in 8 M urea, 2 M acetic acid) was 
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diluted with 8 M urea, 2 M acetic acid buffer just before use. Desmin 
samples were cleaved with a 20:1, w/w, ratio of NBS:desmin for 20 min at 24° 
C and stopped by addition of excess tryptophan (Sigma Chemical Co.)* 
Desmin samples cross-linked with EGS and then cleaved by NBS were 
dialyzed against 10 mM Tris-HCl, pH 8.5, for 3 h at 0-4°C. Some of the EGS 
cross-linked, NBS cleaved samples were also dialyzed against 10 mM CAPSO, 
pH 11.5, overnight at 0-4°C to reverse the EGS cross-links. 
All samples were added to tracking dye and analyzed by SDS-PAGE on 
7.5!^  polyacrylamide cylindrical gels. 
78 
RESULTS 
Dissociation of tetrameric desmin protofilaments by increasing pH in 10 mM 
CAPSO buffer 
The effect of desmin concentration on cross-linking with a constant 
ratio of glutaraldehyde to desmin {0.02%, w/v, glutaraldehyde per 0.05 
mg/ml protein) at pH 9 is shown in Fig. 1. Lanes a and b are uncross-
linked desmin controls run without and with 2-mercaptoethanol, 
respectively, to show the migration positions of dimer and monomer, 
respectively. Note that the migration position of the monomer in the 
cross-linked samples is slightly above that of the monomer in the uncross-
1inked controls. This is partly because the volume of sample loaded of the 
cross-linked samples was much larger and also may partly be due to reaction 
of some side chains in the monomer with glutaraldehyde. At low protein 
concentration (Fig. 1, lane c), four principal products are evident that 
correspond to monomer (approximately 56,000 da1tons), dimer (approximately 
120,00 daltons), trimer (approximately 170,000 daltons), and tetramer 
(approximately 220,000 daltons; see Pang et al., 1383, 1985^ ). The ratio 
of glutaraldehyde to desmin used is the same as that utilized in Pang et 
al. (1985); and was selected to show the tetrameric pattern at the lowest 
protein concentration. The tetramer (band 4) is the predominant species, 
and remains so as protein concentration increases (Fig. 1, lanes d to g). 
A species above band 4> with a mobility corresponding to approximately 
400,000 daltons, increases in amount with increased desmin concentration. 
The 400,00Q-dalton band probably is an octamer formed by intermolecular 
cross-linking of two tetramers (Pang et al., 1985^ ). These results suggest 
that desmin exists mainly as tetrameric protofilaments in low ionic 
Fig. 1. Desmin cross-linked with glutaraldehyde in 10 CAPSO, pH 9. 
SDS-PAGE gels were all run in tracking dye containing 2-
mercaptoethanol except for lane a. Lane a, control uncross-
1inked desmin run without 2-mercaptoethanol showing the presence 
and migration position of some disulfide-linked desmin dimer 
(band 2); lane b, control uncross-linked desmin run with 2-
mercaptoethanol; lanes c to g show glutaraldehyde cross-linked 
desmin; lane c, 0.05 mg/ml desmin; lane d, 0.1 mg/ml desmin; 
lane e, 0.2 mg/ml desmin; lane f, 0.5 mg/ml desmin; lane g, 0.8 
mg/ml desmin; lane h, standards of filamin (250 kDa), bovine 
serum albumin (56 kDa), ovalbumin (45 kDa), and carbonic 
anhydrase (29 kDa). Four principal products (marked 1, 2, 3 and 
4 at left) correspond to monomer (approximately 56,000 daltons), 
dimer (approximately 120,000 daltons), trimer (approximately 
170,000 daltons), and tetramer (approximately 220,000 daltons), 
respectively. 
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strength buffer at pH 9» as it does at pH 8.5 (Pang et al., 1985^ ). 
Cross-linking of desmin in 10 mM CAPSO, pH 11, (Fig. 2), yields a 
similar result (i.e., a tetrameric pattern), suggesting the desmin still 
exist as tetramers at pH 11. No monomeric, dimeric, and trimeric species 
are evident at low protein concentration (Fig. 2, lane c) at pH 11, while 
they were apparent at pH 9 (Fig. 1, lane c) using the same ratio of 
glutaraldehyde to protein. This may be due to higher reactivity of side 
chain groups towards glutaraldehyde at pH 11 as compared to pH 9. Amino 
groups, for instance, react as nucleophiles at pH values above their pKa 
values and, thus, the higher pH enhances their reactivity with 
glutaraldehyde (Means and Feeney, 1971). 
The effect of pH 12 on tetrameric desmin protofilament dissociation is 
shown in Fig. 3. Lanes a and b correspond to uncross-linked desmin 
controls run in tracking dye without and with 2-mercaptoethanol, 
respectively. At low protein concentration (Fig. 3, lane c), desmin is 
cross-linked by glutaraldehyde mainly to dimers, with a small amount of 
tetramer present. As protein concentration is increased (Fig. 3; lanes d 
to g), the predominant species remains the dimer, with an increasing amount 
of band 4 (tetramer) as well as species present with molecular weights 
higher than that of the tetramer. The small amount of higher molecular 
weight species is probably due to intermolecular cross-linking of dimers at 
the higher protein concentrations. For instance, in Fig. 3, lane g, there 
are two bands above the tetramer (band 4)« The top, very faint one (i.e., 
the second band above the tetramer) has a migration position similar to the 
approximately 400,000-dalton species in Fig. 1, lane g, and is likely an 
octamer. The band migrating just above the tetramer is evidently a 
Fig. 2. Desmin cross-linked with glutaraldehyde in 10 mM CAPSO, pH 11. 
SDS-PAGE gels were all run in tracking dye containing 2-
mercaptoethanol except for lane a. Lane a^ , control uncross-
linked desmin run without 2-mercaptoethanol showing the presence 
and migration position of some disulfide-linked desmin dimer 
(band 2); lane b, control uncross-linked desmin run with 2-
mercaptoethanol showing position of monomer (band 1); lanes c to 
g_ show glutaraldehyde cross-linked desmin; lane c, 0.05 mg/ml 
desmin; lane d, 0.1 mg/ml desmin; lane e, 0.2 mg/ml desmin; lane 
f_, 0.5 mg/ml desmin; lane g, 0.8 mg/ml desmin; lane h, standards 
which correspond to those in gel h in Fig. 1, The predominant 
species is a tetramer (band 4)» 
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Fig. 3. Desmin cross-linked with glutaraldehyde in 10 mM CAPSO, pH 12. 
SDS-PAGE gels were all run in tracking dye containing 2-
mercaptoethanol except for lane a. Lane a, control uncross-
linked desmin run without 2-mercaptoethanol showing the presence 
and migration position of some disulfide-linked desmin dimer 
(band 2); lane b, control uncross-linked desmin run with 2-
mercaptoethanol; lanes c to g show glutaraldehyde cross-linked 
desmin; lane c, 0.05 mg/ml desmin; lane d, 0.1 mg/ml desmin; 
lane e, 0.2 mg/ml desmin; lane f, 0.5 mg/ml desmin; lane g ,  0.8 
mg/ml desmin; lane h, standards which correspond to those in gel 
h in Fig. 1. The predominant species is the dimer, with a small 
amount of tetramer present (band 4)* 
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hexamer, formed by intermolecular cross-linking of a tetramer and dimer or 
of three dimers. 
The effect on desmin protofilament dissociation of dialysis at pH 12.5 
is shown in Fig. 4- Lanes a and b are uncross-linked desmin controls run 
in tracking dye with and without 2-mercaptoethanol. No dimer is present in 
Fig. 4J lane a, which has been run in the absence of 2-mercaptoethanol, 
because the disulfide linkage formed at lower pH (c.f., lane a in Figs 1-3) 
is hydrolyzed by the pH 12.5 treatment (Clarke and Inouye, 1930; Reid, 
1950). There also is an increase in amount of lower molecular weight 
species due to degradation of desmin during treatment at pH 12.5. At low 
protein concentration (Fig. 4> lane c), the major cross-linked desmin 
dissociation product is a dimer (band 2). As protein concentration 
increases (Fig. 4i lanes d to g), the dimer remains as the predominant 
species. There is a slight increase in amount of band 4 (tetramer) which 
results from intermolecular cross-linking of two dimers. 
Dependence of desmin polypeptide association on urea concentration at pK 
8.5 in the absence of 2-mercaptoethanol 
The effect of desmin concentration on cross-linking with 
glutaraldehyde in 5 M urea, 10 mM Tris-HCl, pH 8.5, in the absence of 2-
mercaptoethanol is shown in Fig. 5. Lanes a to c are uncross-linked desmin 
controls, with lane a showing the starting material. About 80% of the 
desmin is present in the form of disulfide-linked dimers (Fig. 5, lane a). 
When this desmin was dialyzed against 5 M urea, 10 mM Tris-HCl, pH 8.5, in 
the absence of 2-mercaptoethanol, the disulfide-linked dimer was retained 
(Fig. 5, lane b). The desmin is cross-linked primarily into a tetramer 
Fig. 4. Desmin cross-linked with glutaraldehyde in 10 mM CAPSO, pH 12.5. 
SDS-PAGE gels were all run in tracking dye containing 2-
mercaptoethano1 except for lane a. Lane control uncross-
linked desmin run without 2-mercaptoethanol; lane b, control 
uncross-linked desmin run with 2-mercaptoethanol; lanes c to g 
show glutaraldehyde cross-linked desmin; lane c, 0.05 mg/ml 
desmin; lane d, 0.1 mg/ml desmin; lane e, 0.2 mg/ml desmin; lane 
f_, 0.5 mg/ml desmin; lane g, 0.3 mg/ml desmin; lane h, standards 
which correspond to those in gel h in Fig. 1. The dimer (band 
2) is the predominant species, with a small amount of tetramer 
(band 4) increasing in amount as protein concentration 
increases. 
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Fig. 5. Desmin cross-linked with glutaraldehyde in 5 M urea, 10 mM Tris-
HCl, pH 8.5. SDS-PAGE gels were all run in tracking dye 
containing 2-mercaptoethanol except for lanes a and b. Lane a, 
original sample of desmin that had been stored in 6 M urea, 10 
mM Tris-acetate, pH 8.5, showing disulfide-linked desmin dimer; 
lane _b, control uncross-linked desmin in 5 M urea showing 
disulfide-linked desmin dimer (band 2); lane c, control uncross-
linked desmin run in tracking dye with 2-mercaptoethanol (band 
1); lanes d to h show cross-linked desmin (0.08^  glutaraldehyde 
per 0.05 mg protein/ml); lane d, 0.05 mg/ml desmin; lane e, 0.1 
mg/ml desmin; lane f, 0.2 mg/ml desmin; lane g, 0.5 mg/ml 
desmin; lane h, 0.8 mg/ml desmin; lanes i to k show cross-linked 
desmin (0.16% glutaraldehyde per 0.05 mg/ml protein); lane i, 
0.05 mg/ml desmin; lane j, 0.1 mg/ml desmin; lane k, 0.2 mg/ml 
desmin; lane _1, standards which correspond to those in gel h in 
Fig 1. The tetramer (band 4) is the predominant species with a 
small amount of trimer (band 3) and dimer (band 2). In lanes i 
to k, with double the ratio of glutaraldehyde to desmin, the 
tetramer (band 4) remains the predominant species. 
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(band 4) with a constant ratio of glutaraldehyde to desmin (0.08^, w/v, 
glutaraldehyde per 0.05 mg/ml desmin; Fig. 5> lanes d to h). At high 
protein concentration (Fig. 5> lane h), a very small amount of higher 
molecular weight, cross-linked product becomes apparent (see band above the 
tetramer). The larger species probably results from intermolecular cross-
linking of two tetramers. Doubling of the glutaraldehyde to desmin ratio 
(0.16^ , w/v, glutaraldehyde per 0.05 mg/ml desmin; Fig. 5, lanes i to k) 
yields essentially the same result as that shown in lanes d to f. This 
indicates that the ratio of 0.08^  glutaraldehyde to 0.05 mg/ml desmin is 
sufficient for glutaraldehyde to cross-link desmin in 5 M urea-containing 
solutions. 
When urea concentration is increased to 5 M (Fig. 6), the cross-
linking pattern of products analyzed by SDS-PAGE is very similar to that 
obtained with 5 M urea (Fig. 5), except that the amount of dimer present at 
low protein concentration (Fig. 6, lane d) is higher in amount with the 6 M 
urea solution. The increase in amount of dimer does not result from 
insufficient glutaraldehyde because cross-linking with vr/v, 
glutaraldehyde to 0.05 mg/ml desmin (Fig. 5, lanes d to f) gives 
essentially the same patterns as cross-linking with 0.52^ , w/v, 
glutaraldehyde to 0.05 mg/ml desmin (Fig. 5, lanes i to k). Thus, in 6 M 
urea desmin polypeptides are still associated primarily into tetrameric 
units, but there also exist some dimers. 
As urea concentration is increased to 6.5 M (Fig. 7), more dimeric 
species are evident at low protein concentrations (Fig. 7, lane d ) and a 
small increase in amount of monomer is also evident. Again, the increase 
in amount of dimeric and monomeric species in 6.5 M urea is not due to 
Fig. 6. Desmin cross-linked with glutaraldehyde in 6 M urea, 10 mM Tris-
HCl, pH 8.5. SDS-PAGE gels were all run in tracking dye 
containing 2-mercaptoethanol except for lanes a and b. Lane a_, 
original sample of desmin that had been stored in 6 M urea, 10 
mM Tris-acetate, pH 8.5, showing disulfide-linked desmin dimer 
(band 2); lane b, control uncross-linked desmin in 6 M urea 
showing disulfide-linked desmin dimer (band 2); lane c, control 
uncross-linked desmin run in tracking dye with 2-mercaptoethanol 
(band 1); lanes d to h show cross-linked desmin (0.l6/i 
glutaraldehyde per 0.05 mg protein/ml); lane d, 0.05 mg/ml 
desmin; lane e, 0.1 mg/ml desmin; lane f, 0.2 mg/ml desmin; lane 
g^ , 0.5 mg/ml desmin; lane h, 0.8 mg/ml desmin; lanes i to k show 
cross-linked desmin (0.32% glutaraldehyde per 0.05 mg 
protein/ml); lane i, 0.05 mg/ml desmin; lane j, 0.1 mg/ml 
desmin; lane k, 0.2 mg/ml desmin; lane 1, standards which 
correspond to those in gel h in Fig. 1. rfith 0.16% 
glutaraldehyde per 0.05 mg/ml desmin, the te tramer (band 4-) is 
the predominant species with some trimer (band 3) and dimer 
(band 2) present. As shown in lanes i to k, doubling the ratio 
of glutaraldehyde to desmin still results in the tetramer (band 
4) as the predominant species. 
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Fig. 7. Desmin cross-linked with glutaraldehyde in 6.5 M urea, 10 mM 
Tris-HCl, pH 3,5• SDS-PAGE gels were all run in tracking dye 
containing 2-mercaptoethanol except for lanes a and b. Lane 
original desmin sample that had been stored in 6 H urea, 10 mM 
Tris-acetate, pH 8.5, showing disulfide-linked desmin dimer 
(band 2); lane b, control uncross-linked desmin in 6.5 M urea 
showing disulfide-linked desmin dimer (band 2); lane o, control 
uncross-linked desmin run in tracking dye with 2-mercaptoethanol 
(band 1); lanes d to h show cross-linked desmin (0.19/^  
glutaraldehyde per 0.05 mg protein/ml); lane d, 0.05 mg/ml 
desmin; lane e, 0.1 mg/ml desmin; lane f, 0.2 mg/ml desmin; lane 
£, 0.5 mg/ml desmin; lane h, 0.8 mg/ml desmin; lanes i to k show 
cross-linked desmin (0.58^  glutaraldehyde per 0.05 mg 
protein/ml); lane i, 0.05 mg/ml desmin; lane j, 0.1 mg/ml 
desmin; lane k, 0.2 mg/ml desmin; lane 1, standards which 
correspond to those in gel h in Fig. 1. With 0.19:% 
glutaraldehyde per 0.05 mg/ml desmin, the tetramer (band 4) is 
still the predominant species with dimer (band 2) also a 
predominant product. As shown in lanes i to k, doubling the 
ratio of glutaraldehyde to desmin resulted in the same cross-
linking pattern. 
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insufficient glutaraldehyde because cross-linking with 0.19/5, w/v, 
glutaraldehyde to 0.05 mg/ml desmin (Fig 7, lanes d to f) gives the same 
pattern as cross-linking with Q,3Q%, w/v, glutaraldehyde to 0.05 mg/ml 
desmin (Fig. 7, lanes i to k). 
In 7 n urea (Fig. 8), the main cross-linked product is the dimer (band 
2), with a small amount of monomer (band l) present at low protein 
concentration (Fig. 8, lane d). As protein concentration is increased 
(Fig. 8, lanes e to h) more tetramer (band 4) is apparent. The decrease in 
amount of cross-linked tetrameric species in 7 M urea is not due to 
insufficient glutaraldehyde because doubling of the ratio of glutaraldehyde 
to desmin (Fig. 8, lanes i to k) gives the same qualitative results as 
those shown in Fig. 8, lanes d to f. 
When urea concentration is increased to 8 M (Fig. 9), the main cross-
linked product is still dimeric (band 2) with a small amount of monomer 
(band 1) present. As protein concentration increases (Fig. 9, lanes d to 
h), there is a slight increase in amount of tetramer (band 4)« Again, 
doubling of the ratio of glutaraldehyde to desmin (Fig. 9, lanes i to k) 
gives the same result (c.f., Fig. 9, lanes d to f) thus showing that the 
amount of glutaraldehyde is enough for intramolecular cross-linking. The 
amount of tetramer present when 0.8 mg/ml of desmin is cross-linked in the 
presence of 8 M urea (Fig. 9, lane h) is less than that in the presence of 
7 M urea (Fig. 8, lane h). 
Fig. 8. Desmin cross-linked with glutaraldehyde in 7 M urea, 10 raM Tris-
HCl, pH 8.5. SDS-PAGE gels were all run in tracking dye 
containing 2-mercaptoethanol except for lanes a and b. Lane a^ , 
original desmin sample that had been stored in 6 M urea, 10 ml"! 
Tris-acetate, pH 8.5 showing disulfide-linked desmin dimer (band 
2); lane b, control uncross-linked desmin in 7 M urea showing 
disulfide-linked desmin dimer (band 2); lane c, control uncross-
linked desmin run in tracking dye with 2-mercaptoethanol (band 
1); lanes d to h show cross-linked desmin {0.23% glutaraldehyde 
per 0.05 mg/ml); lane d, 0.05 mg/ml desmin; lane e, 0.1 mg/ml 
desmin; lane f, 0.2 mg/ml desmin; lane g, 0.5 mg/ml desmin; lane 
0.8 mg/ml desmin; lanes i to k show cross-linked desmin 
(0.46^  glutaraldehyde per 0.05 mg/ml); lane i, 0.05 mg/ml 
desmin; lane j, 0.1 mg/ml desmin; lane k, 0.2 mg/ml desmin; lane 
1^ , standards which correspond to those in gel h in Fig. 1. With 
0.23^  glutaraldehyde per 0.05 mg/ml desmin, the dimer (band 2) 
is the predominant species with some monomer (band 1) present. 
As shown in lanes i to k, doubling the ratio of glutaraldehyde 
to desmin resulted in the same pattern as shown in lanes d to f. 

Fig. 9. Desmin cross-linked with glutaraldehyde in 8 M urea, 10 ml.4 Tris-
HCl, pH 3.5. SDS-PAGE gels were all run in tracking dye 
containing 2-mercaptoethanol except for lanes a and b. Lane a_, 
original desmin sample that had been stored in 6 M urea, 10 mM 
Tris-acetate, pH 8.5 showing disulfide-linked desmin dimer (band 
2); lane b, control uncross-linked desmin in 3 M urea showing 
disulfide-linked desmin dimer (band 2); lane c, control uncross-
linked desmin run in tracking dye with 2-mercaptoethanol (band 
1), lanes d to h show cross-linked desmin (0.3% glutaraldehyde 
per 0.05 mg/ml); lane d, 0.05 mg/ml desmin; lane e, 0.1 mg/ml 
desmin; lane f, 0.2 mg/ml desmin; lane g, 0.5 mg/ml desmin; lane 
h, 0.8 mg/ml desmin; lanes i to k show cross-linked desmin {O.O/i 
glutaraldehyde per 0.05 mg/ml); lane i, 0.05 mg/ml desmin; lane 
2; 0.1 mg/ml desmin; lane k, 0.2 mg/ml desmin; lane 1, standards 
which correspond to those in gel h in Fig. 1. With 0,3% 
glutaraldehyde per 0.05 mg/ml desmin, the dimer (band 2) is tne 
predominant species with some monomer (band 1) present. As 
protein concentration increases (lanes f-h), the dimer (band 2) 
is still the predominant species, but very small amounts of 
trimer (band 3) and tetramer (band 4) also become apparent 
presumably due to intermolecular cross-linking. In lanes i to 
k, doubling the ratio of glutaraldehyde to desmin resulted in 
the same pattern as shown in lanes d to f. These results 
indicate that the desmin exists primarily as dimers in 8 M urea, 
pH 8.5, in the absence of mercaptoethanol. 
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Dependence of desmin polypeptide association on urea concentration at pH 
8.5 in the presence of 10_ mM 2-mercaptoethanol 
The effect of desmin concentration on cross-linking with a constant 
ratio of glutaraldehyde to desmin {0,08% glutaraldehyde, w/v, per 0.05 
mg/ml desmin) in 5 M urea, 10 mM Tris-HCl, pH 8.5, 10 mM 2-mercaptoethanol 
is shown in Fig. 10. As shown in Fig. 10, lane a, the starting material 
that was stored in 6 M urea, 10 mM Tris-HCl, pH 8.5, in the absence of 2-
mercaptoethanol, and then analyzed by SDS-PAGE in tracking dye without 2-
mercaptoethanol contains about 80^  of the desmin in the form of disulfide-
1inked dimers. This desmin control is completely reduced in 5 M urea 
buffer contains 2-mercaptoethanol, however, as indicated by the absence of 
any dimer in this sample when analyzed by SDS-PAGE even when run in 
tracking dye not containing 2-mercaptoethanol (Fig. 10, lane b, i.e., it 
looks like that run in tracking dye containing 2-mercaptoethanal; as shown 
in lane c). The desmin is cross-linked predominantly into tetramers (band 
4) by the glutaraldehyde, with a small amount of dimer and trimer present 
(Fig. 10, lanes d to h). Thus, desmin exists mainly as tetrameric species 
in 5 M urea-containing solutions in the presence of 2-mercaptoethanol. 
As urea concentration is increased to 6 H urea in the presence of 2-
mercaptoethanol (Fig. 11), the pattern of cross-linked products is very 
similar to that obtained in 5 M urea in the presence of 2-mercaptoethanol 
(Fig. 10), with only a very slight increase in amount of dimer (band 2) 
present. Thus, the desmin polypeptides still associate primarily into 
tetrameric species in the 6 M urea-containing solution, but some tend only 
to associate into dimers. As urea concentration in the presence of 2-
mercaptoethanol is increased to 6.5 M urea (Fig. 12), dimeric species are 
Fig. 10. Desmin cross-linked with glutaraldehyde in 5 M urea, 10 mM 
Tris-HCl, 10 mM 2-mercaptoethanol, pH 8.5- SDS-PAGE gels were 
all run in tracking dye containing 2-meroaptoethanol except for 
lanes a and b. Lane a, original desmin sample that had been 
stored in 6 M urea, 10 raM Tris-acetate, pH 8.5, showing 
disulfide-linked desmin dimer (band 2); lane b, control 
uncross-linked desmin showing the desmin (band 1) was 
completely reduced in the 5 M urea, 10 mM Tris-HCl, pH 8.5» 10 
mM 2-mercaptoethanol buffer before cross-linking with 
glutaraldehyde; lane £, control uncross-linked desmin in 
tracking dye with 2-mercaptoethanol; lanes d to h show cross-
linked desmin; lane d, 0.05 mg/ml desmin; lane e, 0.1 mg/ml 
desmin; lane f, 0.2 mg/ml desmin; lane g, 0.5 mg/ml desmin; 
lane h, 0.8 mg/ml desmin; lane i, standards which correspond to 
those in gel h in Fig. 1. As shown in lanes d to h, tetramer 
(band 4) is the predominant species with some trimer (band 3) 
and dimer (band 2) present. 
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Fig. 11. Desmin cross-linked with glutaraldehyde in 6 M urea, 10 mM 
Tris-HCl, 10 mM 2-mercaptoethanol, pH 8.5. SDS-PAGE gels were 
all run in tracking dye containing 2-mercaptoethanol except for 
lanes a and b. Lane £, original desmin sample that had been 
stored in 6 M urea, 10 mM Tris-acetate, pH 8.5 showing 
disulfide-linked desmin dimer (band 2); lane b, control 
uncross-linked desmin showing the desmin (band l) was 
completely reduced in the 6 M urea, 10 mM Tris-HCl, pH 8.5, 10 
mM 2-mercaptoethanol buffer before cross-linking with 
glutaraldehyde; lane c, control uncross-linked desmin in 
tracking dye with mercaptoethanol; lanes d to h show cross-
linked desmin; lane d, 0.05 mg/ml desmin; lane e, 0.1 mg/ml 
desmin; lane f, 0.2 mg/ml desmin; lane g, 0.5 mg/ml desmin; 
lane h, 0.8 mg/ml desmin; lane i, standards which correspond to 
those in gel h in fig. 1, As shown in lanes d to h, tetramer 
(band 4) is the predominant species with some trimer (band 3) 
and dimer (band 2) present. The amount of dimer present after 
cross-linking in 6 M urea is more than in 5 M urea (of. Fig. 
10) .  
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Fig. 12. Desmin cross-linked with glutaraldehyde in 5.5 M urea, 10 mM 
Tris-HCl, 10 mM 2-mercaptoethanol, pH 8.5. SDS-PAGE gels were 
all run in tracking dye containing 2-mercaptoethanol except for 
lanes a and b. Lane a, original desmin sample that had been 
stored in 6 M urea, 10 mM Tris-acetate, pH 8.5, showing 
disulfide-linked desmin dimer (band 2); lane b, control 
uncross-linked desmin (band 1) showing the desmin was 
completely reduced in the 6.5 M urea, 10 mM Tris-HCl, pH 8.5, 
10 mM 2-mercaptoethanol buffer before cross-linking with 
glutaraldehyde; lane c, control uncross-linked desmin in 
tracking dye with 2-mercaptoethanol; lanes d li show cross-
linked desmin; lane d, 0.05 mg/ml desmin; lane e, 0.1 mg/ml 
desmin; lane f, 0.2 mg/ml desmin; lane g, 0.5 mg/ml desmin; 
lane h, 0.8 mg/ml desmin; lane i, standards which correspond to 
those in gel h in Fig. 1. The principal species are tetramers 
(band 4)» dimers (band 2) and monomers (band 1). As protein 
concentration increases (lanes e to h), the amount of dimers 
and monomers decreases and the amount of tetramers increases. 
This is probably due to intermolecular cross-linking. 
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much more evident, especially at low protein concentration (Fig. 12, lane 
d). More dimer (band 2) and even some monomer (band 1) are still evident 
as protein concentration is increased (Fig. 12, lanes d to h). Because 
more dimer is present than monomer or trimer, the dimer may represent one 
of the intermediate stages of protofilament assembly/disassembly. 
As urea concentration is increased (in the presence of 2-
mercaptoethanol) to 7 H (Fig. 13), at low protein concentration (Fig. 15, 
lane d), the desmin is mainly in the form of monomer (band 1) and a small 
amount of dimer (band 2). As protein concentration increases (Fig. 13, 
lanes e to h), the monomer remains as the predominant species, but the 
amount of dimer and even some tetramer (band 4)> which may be a result of 
intermolecular cross-linking, increase slightly. The increase in amount of 
monomeric species in 7 M urea in the presence of 10 mM 2-mercaptoethanol is 
not a result of insufficient glutaraldehyde because when the same 
glutaraldehyde to desmin ratio (0.23^ , w/v, glutaraldehyde to 0.05 mg/ml 
desmin) was used to cross-link desmin in 7 M urea in the absence of 2-
mercaptoethanol (Fig. 8), the desmin was cross-linked to a dimer. The 
desmin is completely reduced in 7 M urea in the presence of 10 mM 2-
mercaptoethanol (Fig. 15, lane b) before cross-linking with glutaraldehyde. 
Thus, no disulfide linkages are present to hold two desmin polypeptides 
together as dimers. Thus, desmin exists mainly as monomers under these 
conditions. 
In 8 M urea in the presence of 2-mercaptoethanol (Fig. 14)> desmin 
also exists mainly as monomer (band 1) at low protein concentration (Fig. 
14, lane d). As protein concentration is increased (Fig. 14, lanes e to h) 
the amount of dimer increases slightly. At 0.8 mg/ml desmin (Fig. 14, lane 
Fig. 13. Desmin cross-linked with glutaraldehyde in 7 M urea, 10 mM 
Tris-HCl, 10 mM 2-mercaptoethanol, pH 8.5. SDS-PAGE gels were 
all run in tracking dye containing 2-mercaptoethanol except for 
lanes a and b. Lane a, original desmin sample that had been 
stored in 6 M urea, 10 mM Tris-acetate, pH 8.5, showing 
disulfide-linked desmin dimer (band 2); lane b, control 
uncross-linked desmin (band 1) showing the desmin was 
completely reduced in the 7 M urea, 10 mM Tris-HCl, pH 3.5, 10 
mM 2-mercaptoethanol buffer before cross-linking with 
glutaraldehyde; lane c, control uncross-linked desmin in 
tracking dye with 2-mercaptoethanol; lanes d to h show cross-
linked desmin; lane d, 0.05 mg/ml desmin; lane e, 0.1 mg/ml 
desmin; lane f, 0.2 mg/ml desmin; lane g, 0.5 mg/ml desmin; 
lane h, 0.8 mg/ml desmin; lane i, standards which correspond to 
those in gel h in Fig. 1. Monomer (band 1) is the predominant 
species with some dimer (band 2) present. As protein 
concentration increases, the dimer (band 2) and the tetramer 
(band 4) increase in amount, probably due to intermolecular 
cross-linking. These results indicate that the desmin exists 
primarily as monomer and a small amount of dimer in 7 M urea, 
pH 8.5, in the presence of 2-mercaptoethanol. 
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Fig. 14. Desmin cross-linked with glutaraldehyde in B M urea, 10 mM 
Tris-HCl, 10 mM 2-mercaptoethanol, pH 8.5. SDS-PAGE gels were 
all run in tracking dye containing 2-mercaptoethanol except for 
lanes a and b. Lane a_, original desmin sample that had been 
stored in 6 M urea, 10 mM Tris-acetate, pH 8.5, showing 
disulfide-linked desmin dimer (band 2); lane b, control 
uncross-linked desmin (band 1) showing the desmin was 
completely reduced in the 8 M urea, 10 mM Tris-HCl, pH 8.5» 10 
mli 2-mercaptoethanol buffer before cross-linking with 
glutaraldehyde; lane c, control uncross-linked desmin in 
tracking dye with 2-mercaptoethanol; lanes d to h show cross-
linked desmin; lane d, 0.05 mg/ml desmin; lane e, 0.1 mg/ml 
desmin; lane f, 0.2 mg/ml desmin; lane g, 0.5 mg/ml desmin; 
lane h, 0.8 mg/ml desmin; lane i, standards which correspond to 
those in gel h in Fig. 1. Monomer (band 1) is the predominant 
species present. As protein concentration increases, the dimer 
(band 2) increases slightly in amount, probably due to 
intermolecular cross-linking. These results indicate the 
desmin exists completely as monomers in 8 M urea, pH 8.5, in 
the presence of 2-mercaptoethanol. 
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h), a very small amount of trimeric and tetramerio species also becomes 
apparent, presumably due to intermolecular cross-linking reactions. Again, 
enough glutaraldehyde is present to cross-link the desmin in 8 M urea 
because when the same glutaraldehyde to desmin ratio {0.3%, w/v, 
glutaraldehyde to 0.05 mg/ml desmin) was used to cross-link desmin in 8 M 
urea in the absence of 2-mercaptoethanol (Fig. 9), the desmin was cross-
linked to dimers. 
Cleavage of cross-linked tetramerio desmin by NBS 
To gain insight into arrangement of the four polypeptides in 
tetramerio desmin, the tetramers were first stabilized by chemical cross-
linking, and then cleaved at tryptophanyl residues by NBS, and analyzed by 
SDS-PAGE. The result of NBS cleavage of desmin tetramers that had 
previously been cross-linked with glutaraldehyde is shown in Fig. 15. The 
cross-linked desmin migrates as a tetramerio product (band 4) both before 
(Fig. 15, lane c) and after (Fig. 15, lane d) cleavage by NBS. When 
uncross-linked desmin is treated with NBS (Fig. 15, lane g), part of the 
desmin present is cleaved into two NBS products. 
Similar results are obtained by NBS cleavage of DMS cross-linked 
desmin tetramers (Fig. 16). Desmin is cross-linked mainly to tetramers 
(band 4 in Fig. 16, lane c) with DliS. After NBS cleavage, the desmin still 
migrates as tetramers (Fig. 6, lane d). Treatment of uncross-linked desmin 
with NBS shows cleavage products (Fig. 16, lane g). 
To ascertain whether the glutaraldehyde cross-linked (Fig. 15, lane d) 
and DMS cross-linked (Fig. 16, lane d) products still migrated as tetramers 
following NBS cleavage because the cross-linker was holding all cleavage 
Fig. 15• Desmin cross-linked with glutaraldehyde and then cleaved by 
NBSo SDS-PAGE gels were all run in tracking dye containing 2-
mercaptoethanol except for lanes a and e. Lane control 
uncross-linked desmin in 3 M urea, 10 mM Tris-HCl, pH 11, run 
without 2-mercaptoethanol showing the presence and migration 
position of some disulfide-linked desmin dimer (band 2); lane 
_b, control uncross-linked desmin in 3 M urea, 10 mM Tris-HCl, 
pH 11, run with 2-mercaptoethanol (band 1); lane c, 0.5 mg/ml 
desmin cross-linked with 0.2% glutaraldehyde; lane d, desmin 
cross-linked with glutaraldehyde and then cleaved by 20:1, w/w, 
ratio of NBS to desmin; lane e_, control uncross-linked desmin 
in a M urea, 2 M acetic acid run without 2-mercaptoethanol 
showing the presence and migration position of some disulfide-
linked desmin dimer (band 2); lane f, control uncross-linked 
desmin in 8 M urea, 2 M acetic acid run with 2-mercaptoethanol; 
lane g, control uncross-linked desmin cleaved by 20:1, w/w, 
ratio of NBS to desmin showing two NBS cleavage products; lane 
li, standards of myosin heavy chains (200 kDa), beta-
galactosidase (ll6 kDa), phosphorylase B (97 kDa), bovine serum 
albumin (66 kDa), ovalbumin (45 kDa) and carbonic anhydrase (29 
kDa). Note that migration position of the monomer (band 1) 
varies slightly among gels because of differences in ionic 
milieu of the samples mixed with gel tracking dye mixture. 
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Fig. 16. Desmin cross-linked with DMS and then cleaved by NBS. SDS-PAGÉ 
gels were all run in tracking dye containing 2-mercaptoethanol 
except for lanes a and e. Lane a_, control uncross-linked 
desmin in 3 M urea, 10 mM Tris-HCl, pH 11, run without 2-
mercaptoethanol showing the presence and migration position of 
some disulfide-linked desmin dimer (band 2); lane b, control 
uncross-linked desmin in 3 M urea, 10 mM Tris-HCl, pH 11, run 
with 2-mercaptoethanol (band 1); lane c, 0.5 mg/ml desmin 
cross-linking with 4-:!, w/w, ratio of DMS to desmin; lane d, 
desmin cross-linked with DMS and then cleaved by 20:1, w/w, 
ratio of NBS to desmin; lane e_, control uncross-linked desmin 
in 8 H urea, 2 M acetic acid run without 2-mercaptoethanol 
showing the presence and migration position of some disulfide-
1inked desmin dimer (band 2); lane f, control uncross-linked 
desmin in 8 M urea, 2 M acetic acid run with 2-mercaptoethanol; 
lane g, control uncross-linked desmin cleaved by 20:1, w/w, 
ratio of NBS to desmin showing NBS cleavage products; lane h, 
standards which correspond to those shown in gel h in Fig. 15. 
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products together, or because cross-linking inhibited the NBS cleavage 
reaction, EGS (cleavable) cross-linker was used (Fig. 17). As shown in 
Fig. 17, the EGS cross-linked products migrate as tetramers both before 
(lane c) and after (lane d) NBS treatment. However, when the EGS cross­
links were subsequently cleaved by treatment at pH 11.5 (lane e; similar 
results, not shown, were obtained when reversal or cleavage of EGS cross­
links was done with hydroxylamine) it was evident that two NBS cleavage 
products similar to those obtained by NBS cleavage of uncross-linked desmin 
control (lane g) are present. Thus, NBS cleaves desmin polypeptide chains 
in the cross-linked tetramers, but all products are held together by the 
cross-linkers. 
Fig. 17. Desmin cross-linked with EGS and then cleaved by NBS. SDS-PAGE 
gels were all run in tracking dye containing 2-mercaptoethanol 
except for lane a. Lane control uncross-linked desmin in 3 
H urea, 10 mM Tris-HCl, pH 8.5, run without 2-mercaptoethanol 
showing the presence and migration position of some disulfide-
linked desmin dimer (band 2); lane b, control uncross-linked 
desmin in 3 M urea, 10 mM Tris-HCl, pH 8.5, run with 2-
mercaptoethanol (band 1); lane c, 0.5 mg/ml desmin cross-linked 
with 1:1, w/w, ratio of EGS cross-linker to desmin; lane d, 
desmin cross-linked with EGS and then cleaved by 20:1, w/w, 
ratio of NBS to desmin; lane e, desmin cross-linked with EGS, 
cleaved by NBS, and then dialyzed against CAPSO, pH 11.5, to 
effect cleavage of EGS cross-links; lane f_, control 'oncross-
linked desmin in 8 M urea, 2 M acetic acid run with 2-
mercaptoethanol; lane £ control uncross-linked desmin cleaved 
by 20:1, w/w, ratio of NBS to desmin showing NBS cleavage 
products; lane h, standards which correspond to those shown in 
gel h in Fig. 15; lane i, bovine serum albumin (66 kDa), 
ovalbumin (45 kDa), glyceraldehyde-3-phosphate dehydrogenase 
(36 kDa), carbonic anhydrase (29 kDa), trypsinogen (24 kda), 
trypsin inhibitor (20 kDa), and alpha-la etaIbumin (I4 kDa). 
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DISCUSSION 
Intermediate filaments of the four non-epithelial subclasses 
disassemble at low ionic strength and slightly alkaline pH into particles 
termed protofilaments, which appear as rod-like structures, about 2.5 nm in 
diameter by 50 nm in length, in the electron microscope (Schlaepfer, 1977; 
Stromer et al., 1981; Franke et al., 1982). Until recently, it was widely 
thought that each protofilament was composed of three polypeptide chains 
(Steinert et al., 1978, 1980; Steven et al., 1982). Now, however, it seems 
clear that each protofilament consists of four chains (Ahmadi and Speakman, 
1978; Woods and Gruen, 1981; Geisler and Weber, 1982b; Pang et al., 1983; 
Quinlan et al., 1984; Ip et al., 1985b). Recent amino acid sequence 
studies have revealed a great deal of information on the primary structure 
of intermediate filament proteins (Geisler and Weber, 1982a,b, 1983; 
Geisler et al., 1982, 1983, 1984; Hanukoglu and Fuchs, 1982, 1983; Osborn 
and Weber, 1982; Crewther et al., 1983; Quax et al., 1983; Quax-Jeuken et 
al., 1983; Steinert et al., 1983; Lewis et al., 1984). An alpha-helical 
rich rod domain of some 310 amino acid residues is flanked by a non-alpha-
helical N-terminal headpiece and a non-alpha-helical C-terminal tailpiece. 
The sequence studies together with physical chemical studies on 
protofilament fragments (Skerrow et al., 1973; Steinert et al., 1976, 1960; 
Geisler and Weber, 1982b) have given useful clues as to the secondary 
structure of intermediate filament proteins and to how the subunits are 
held together in the protofilament (Woods and Gruen, 1981; Geisler and 
Weber, 1982b; Crewther et al. 1983; Quinlan et al., 1984; Woods and Inglis, 
1984; Geisler et al., 1985; Parry et al., 1985). Likewise, studies on 
assembly/disassembly of intermediate filaments have given us at least a 
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rudimentary understanding of overall intermediate filament structure 
(Krishnan et al., 1979; Stromer et al., 1981; Aebi et al., 1983; Ip et al., 
1983, 1985a,b; Geisler et al., 1985). 
In essentially all models proposed for intermediate filament structure 
and assembly/disassembly processes (Schlaepfer, 1977; Stromer et al., 1981; 
Franks et al., 1982; Aebi et al., 1983; Ip et al., 1933, 1985a,b), the 
protofilament is regarded as a key structural intermediate, but little has 
been learned about characteristics of the protofilament, including how the 
four polypeptide chains are arranged. It has been suggested (Woods and 
Gruen, 1981; Geisler and Weber, 1982b; Pang et al., 1983) that, in the long 
rod domain portion of each protofilament, the four polypeptides are 
arranged as a dimer of normal double-stranded coiled-coils. In the case of 
the single coiled-coils of tropomyosin and tail portion of myosin, the two 
alpha-helices of interacting polypeptides are arranged in parallel and in 
register (Sodek et al., 1972; McLachlan and Stewart, 1975). Recent studies 
on particles derived from mouse epidermal keratin intermediate filaments 
(Parry et al., 1985) and microfibrillar proteins of wool (Woods and Inglis, 
1984) indicate that the polypeptide chains within each dimer of the 
tetrameric protofilament also are in parallel and in register. 
The results of my study show that the tetrameric (four-chained) 
protofilament is a rather stable structural intermediate. Elevation of pH 
to 12 to 12.5 in low ionic strength buffers was necessary to dissociate the 
tetrameric structure into dimeric structures. Dissociation of the 
protofilaments into dimers is in accord with the proposal that the 
protofilament consists of a dimer of double-stranded coiled-coils (Woods 
and Gruen, 1981; Geisler and Weber, 1982b; Pang et al., 1983). The 
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disposition of negative and positive charges on the surface of the coils 
evidently plays a major role in establishing the interaction between 
polypeptides within a coiled-coil, and are important contributors to the 
bonds or forces that hold the two dimers together in the tetrameric 
protofilaments (Parry et al., 1977; Parry, 1979; Geisler et al., 1982; 
HcLachlan and Karn, 1982; McLachlan and Stewart, 1982; Crewther et al., 
1983; Steinert et al., 1983). 
The results of the experiments conducted herein in pH 8.5 buffer with 
different concentrations of urea in the absence of sulfhydryl reducing 
agents indicate that desmin polypeptides still exist as tetrameric 
complexes in 5 to 6 M urea. In 6.5 urea, some of the desmin is present as 
dimeric complexes, and in 7 to 8 M urea, essentially all of the desmin is 
present as dimeric structures. Very little desmin is present in monomeric 
form under these high urea, non-sulfhydryl reducing conditions because of 
the presence of a covalent disulfide bond formed between the single 
cysteinyl residues (Geisler and Weber, 1981) of two polypeptide chains. 
When a parallel set of experiments was conducted in the presence of 2-
mercaptoethanol, it was evident that desmin is: 1) associated primarily 
into tetrameric complexes in 5 to 6 M urea, 2) present primarily as a 
mixture of tetrameric and dimeric complexes in 6.5 M urea, and 3) present 
primarily as monomeric chains in 7 to 8 M urea. Studies by others have 
shown that high concentrations of urea are necessary for complete 
dissociation of the neurofilament triplet peptides (Tokutake, 1984) and 
that intermediate filament proteins, or fragments of the keratin or 
nonepidermal keratin type, are not dissociated until subjected to high 
concentrations of urea (Crewther and Dowling, 1971; Woods and Gruen, 1981; 
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Eichner et al., 1983). Quinlan et al. (1984) also have recently reported 
that dimethyl suberimidate cross-linked non-epidermal keratins in 6 M urea 
or 2 M guanidine hydrochloride exist as tetrameric complexes. 
Several electron microscope studies suggest that protofilaments are 
close to 48 to 50 nm long (Aebi et al., 1983; Ip et al., 1983, 1935a,b). 
Based upon primary sequence data and results obtained from isolated 
fragments, it is likely that an individual desmin polypeptide chain also is 
close to 48 to 50 nm in length (Hanukoglu and Fuchs, 1982; Geisler and 
Weber, 1982b; Steinert et al., 1983; Quax-Jeuken et al., 1983). Thus, it 
is apparent that the four chains within the protofilament are in register, 
or very nearly so. Other suggestions (e.g., Crewther et al., 1983) based 
upon modeling studies, which have invoked considerable stagger between the 
two dimers, so far are not supported by direct experimental data. 
If it is accepted that the four chains are in axial register, then the 
results of this study on NBS cleavage of chemically cross-linked desmin 
tetramers favors a protofilament model in which the two dimeric coiled-
coils are in an antiparallel fashion. Using a completely different 
experimental approach, i.e., labeling of chymotryptically derived rod 
fragments of desmin at both ends with a monoclonal antibody, Geisler et al. 
(1985) have recently made the same suggestion. 
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OVERALL SUMMARY AND CONCLUSIONS 
Prior to the initiation of my studies, the number of subunits in the 
protofilaments of 10-nm filaments was a matter of controversy. Two major 
models have been proposed for the subunit composition of the approximately 
2 to 2.5 nm diameter protofilaments, namely one in which the alpha-helical 
rod domain consists of triple-stranded coiled-coils (Steinert et al., 1980) 
and one in which the rod domain consists of a dimer of normal interchain 
double-stranded coiled-coils, i.e., a tetrameric organization (Geisler and 
Weber, 1982b). 
As part of this study, I have used three chemical cross-linkers, EGS, 
BSOCOES, and glutaraldehyde, to examine the subunit composition/structure 
of the protofilaments present in pH 8.5, low ionic strength solutions of 
highly purified mammalian (O'Shea et al., 1981) and avian (Huiatt et al., 
1980) muscle desmin and of mammalian muscle vimentin (Hartzer et al., 
1982). 
Analysis of cross-linked products by SBS-PAGE has demonstrated the 
presence of four species at low protein concentration with molecular 
weights of approximately 56,000, 120,000, 170,000, and 220,000. These 
correspond to the monomer, cross-linked dimer, cross-linked trimer, and 
cross-linked tetramer, respectively. As protein concentration is 
increased, nearly all the protein ends up as the 220,000-dalton species, 
with an approximately 4OO,000-dalton species also becoming more apparent at 
high protein concentrations. Because of the possibility that molecular 
weights of the cross-linked products may deviate from linearity in log 
molecular weight verus relative mobility plots, I also have verified the 
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molecular weight assignments of the cross-linked products by comigration in 
the absence of reducing reagent of: 1) the disulfide cross-linked dimer 
with the approximately 120,000-molecular weight component and 2) of the 
tetrameric, chemically cross-linked disulfide dimer with the approximately 
220,000-molecular weight component. All of my experiments with three 
chemical cross-linking reagents (glutaraldehyde, EGS, and BSOCOES), two 
different pH 8.5 buffer systems (Tris or triethanolamine), and two desmins 
(smooth and skeletal) and one vimentin, gave similar tetrameric cross-
linking patterns. These results are incompatible with the triple-stranded 
coiled-coil model of Steinert et al. (1980) which would predict only three 
species. Instead, my results are compatible with four-stranded models 
(Geisler and Weber, 1982b) for the protofilament building blocks of 10-nm 
filaments. 
A small amount of an approximately 400,000-dalton species migrated 
above the 220,00Q-dalton tetrameric species in some of my cross-linking 
experiments. This species probably consists of structures composed of two 
protofilaments (i.e., an octamer) based upon results obtained by cross-
linking preparations enriched in tetramer. This approximately 400,000-
dalton species may correspond to the approximately 3.5 to 5 nm diameter 
subfilament/protofribri1 observed by electron microscopy (Stromer et al., 
1981; Aebi et al., 1983). 
In order to learn more about the arrangment of the four polypeptide 
chains in the protofilament, I have used chemical cross-linking to follow 
the dissociation of the protofilaments in urea or at elevated pH. In low 
ionic strength buffer (10 mM CAPSO), desmin exists as tetrameric 
protofilaments up to pH 11. As the pH of the buffer is increased further. 
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the desmin protofilaments dissociate into dimers (i.e., at pH 12.5, all of 
the desmin is present as dimers and the dimers exist independent of 
disulfide cross-linked products). This result is in accord with the 
proposal that the protofilament consists of a dimer of double-stranded 
coiled-coils (Woods and Gruen, 1981; Geisler and Weber, 1982b; Pang et al., 
1983). 
Experiments conducted in pH 8.5 buffer with different concentrations 
of urea in the absence of 2-mercaptoethanol indicate the desmin 
polypeptides still exist as tetrameric complexes in 5 M urea. As the urea 
concentration is increased further to 5 to 6.5 M, the desmin is present as 
tetramers and dimers. In 7 M or 8 M urea, all the desmin exists as dimers. 
The dimeric complexes exist because of a disulfide linkage between two 
desmin polypeptides. 
Experiments conducted in pH 8.5 buffer with different concentrations 
of urea, in the presence of 2-mercaptoethanol indicate the desmin still 
exists as tetrameric complexes in 5 M urea. As urea concentration is 
increased to 6 M, some of the desmin is present as dimeric complexes, but 
most is still present in tetrameric complexes. In 6.5 M urea, more of the 
desmin dissociates into dimers and monomers. In 7 or 8 M urea, all of the 
desmin exists as monomers. My results suggest that 7 to 8 M urea should be 
strong enough to dissociate protofilaments completely into monomers. 
However, in urea buffers without 2-mercaptoethanol, desmin polypeptides 
exist as dimers because of disulfide bonding. It is not clear if the dimer 
that is intact without disulfide linkage at pH 12.5 is equivalent to the 
intact dimer present in the absence of 2-mercaptoethanol in 8 M urea. 
I also have conducted experiments to elucidate the structural 
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relationship of the four polypeptide chains in the protofilament. I have 
first cross-linked the tetrameric protofilament, and then cleaved it with 
NBS at the sole tryptophan residue. The results indicate that when desmin 
tetrameric complexes are first cross-linked with glutaraldehyde or DMS and 
then cleaved by NBS, the complexes are still intact after NBS cleavage 
(i.e.; they exist as 220,000-dalton tetramers in SDS-PAGE). When desmin 
tetrameric complexes are first cross-linked with the cleavable cross-linker 
EGS, are subsequently cleaved by NBS, and then the EGS cross-links are 
cleaved by increasing the pH to 11.5, SDS-PAGE analysis shows the two NBS-
cleavage fragments. These results indicate that the polypeptide chains in 
the cross-linked tetramers are cleaved by NBS and that the EGS, 
glutaraldehyde, or DMS cross-links "hold" the NBS cleavage fragements 
together. Because we already have shown that the four polypeptide chains 
are in register (Ip et al., 1985a), these results from NBS cleavage are 
most compatible with an arrangement in which the two dimers in a tetrameric 
protofilament are arranged in an antiparallel fashion. 
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